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Abstract
Carbon nanotubes (CNTs) are increasingly finding applications in many fields 
such as tough composites, electronics, and biomedicine, due to their outstanding 
properties. In terms of biomedical applications, CNTs can be used as cellular growth 
scaffolds which mimic the structural design of tissue at the nanoscale. This is for tissue 
engineering applications. CNTs are also being used as cellular transporters of 
biomolecules or drugs for controlled drug delivery to cells. This thesis reports the use of 
functionalized CNTs for delivery of peptides into cells, and studies of CNT assemblies- 
based tissue engineering scaffolds.
The uptake into mammalian cells of CNTs both with and without designed 
peptide was studied in Chinese Hamster Ovary (CHO) cells. Cells were incubated with 
CNTs and the uptake mechanism, translocation, and their potential toxicity are studied. 
The CNT-peptide composites were found to be readily taken up but they did not reach 
the cytoplasm, instead they were restricted to endosomes and lysosomes. The 
exploration of CNT assemblies as cell growth substrates and the effects of substrate 
topography on cell adhesion and function was carried out using human hepatoma 
(Huh?) and CHO cells, and primary liver cells (rat hepatocytes).
The results with perhaps the greatest potential are those for the primary liver 
cells, particularly for liver-tissue engineering for applications in drug discovery where 
liver cells growing on CNT-based substrates could serve as an in vitro liver model for 
screening for liver toxicity. In vivo, the environment of cells is 3D and this thesis 
contains preliminary results on cells including primary liver cells growing on 3D CNT- 
based yam substrates. In this thesis the challenges associated with evaluation of the
i i i
toxicity of CNTs are discussed too. In addition, CHO cell adhesion and growth on 
protein fibronectin-nanopattemed substrates prepared using block-copolymer surfaces 
are also evaluated.
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Chapter 1: Outline of Thesis
1.1 Introduction
In the last deeades, there have been remarkable advances in the discovery, 
development, as well as the large-scale manufacturing of novel nano-structured 
materials. Among the new generation of novel nanomaterials, carbon-based 
nanostructures have emerged and attracted an increasing amount of attention from 
worldwide researchers for several reasons. Carbon nanotubes (CNTs) are the most 
important of these carhon nanomaterials, due to their outstanding physical, electrical, 
optical, mechanical and chemical properties, which give rise to a wide range of potential 
applications in many areas such as electronics, energy, medicine, and superstrong 
material fields. However, as the biological applications of these novel nanostruetured 
materials continue to increase, concerns have been raised about the potential risk posed 
by these materials in biological systems. Thus it is necessary to undertake careful 
toxicity studies.
The application of CNTs in biological systems are often held back by inadequate 
and often inconclusive data on the complex behavior of CNTs interacting with living 
systems, as well as on their potential adverse effects. The purpose of the research 
reported in this thesis is to explore biomedical applications of CNTs, mainly as a carrier 
in drug delivery, and as substrates for cell culture in tissue engineering. The work 
presented in this thesis also endeavours to address a gap in the knowledge of combining 
methodologies from materials science and engineering, with those of the disciplines of 
biophysics and biology.
1.2 Structure of Thesis
The first chapter, Chapter 1, gives an overview of this thesis. It includes a brief 
introduction, the scope of the research, thesis structure, and the novel work undertaken 
is briefly described. Chapter 2 of this dissertation presents a review of the structure and 
properties of carbon nanotubes (CNTs). This chapter also details the cutting edge in the 
biological applications of CNTs, notably in drug delivery and tissue engineering 
applications; interactions between cells and nanostruetured materials are considered as 
well as the toxicity issues related to nanomaterials, this focuses mainly on CNTs. The 
main experimental techniques used throughout the research and the underlying 
principles of the instrumentation are explained in Chapter 3. Chapters 4-7 present my 
PhD research.
In Chapter 4, Chinese Hamster Ovary (CHO) cells are incubated with CNTs in 
order to probe the interactions of CNTs with biological systems at the cellular level. The 
uptake pathways of functionalized CNTs, their translocation and fate in cells, and their 
potential toxicity are all followed, imaged and characterized in details. The use of 
techniques such as confocal fluorescence scanning microscopy and Raman spectroscopy 
allows for direct observation of the uptake and localization of CNTs. The possible 
toxicity of CNTs is studied using trypan blue exclusion assay, and a water soluble cell 
viability assay (XTT), in conjunction with the observation of cell morphology.
The exploration of CNT assemblies as cell growth substrates and the effects of 
substrate topography on cell adhesion and function are addressed in Chapter 5. Two 
mammalian cell lines, namely human hepatoma (Huh?) and CHO cells are grown on 
aligned, isotropic, and patterned substrates of CNTs. Cell-nanomaterial interactions are
examined using techniques sueh as optical microscopy, confocal fluorescence 
microseopy, atomic force microseopy and scanning electron microscopy.
This chapter contains work which has been carried out in collaboration with 
Piyapong Asanithi. Part of the contents in this chapter is mainly from the manuscript 
that has been published in the journal Nanotechnology with the title “Aligned, isotropic 
and patterned carbon nanotube substrates that control the growth and alignment of 
Chinese hamster ovary cells” (Abdullah, C. A. C., Asanithi, P., Brunner E. W., 
Jurewiez, I., Bo, C., Azad, C. L., Ovalle-Robles, R., et al. (2011) Nanotechnology, 
22(20), 205102). Substrate preparation, characterization and analysis were performed by 
Piyapong Asanithi, while cell seeding, imaging and analysis of cell adhesion on the 
substrates were done by me. In addition, samples for AFM were prepared by me but the 
imaging was completed by Piyapong Asanithi. The aligned substrates were made from 
MWNT sheets, made and supplied by the University of Texas Dallas Nanoteeh Institute. 
The quantitative analysis of CHO cell alignment (in Figure 5.13) was done by Richard 
Sear.
Chapter 6 contains results for the use of two-dimensional (2D) and three-dimensional 
(3D) CNT-based substrates for the culture of liver cells, mainly for applications in liver tissue 
engineering and drug development. This work has been carried out in collaboration with 
Dr. Nick Plant from Biosciences Division, Faculty of Health and Medical Sciences, 
University of Surrey and Chi Lewis Azad, research scientist from the Nanoteeh Institute, 
University of Texas at Dallas (UTD). MWNT forests were supplied by UTD and Chi 
helped in preparing the MWNT sheets and yams at the beginning of this project.
Immortalized liver cell lines (Huh?) and liver primary cell lines (rat hepatocytes) 
were cultured on CNT-based substrates. Apart from cell adhesion and morphology, the
capacity of liver cells grown on CNTs substrates to retain their liver-speeific function 
such as albumin production is monitored. In addition, the effect of substrate topography 
on the activity of two subfamilies of cytochrome P450 (CYP 450) enzymes, CYPl A and 
CYP3A, following induetion with speeific indueers is observed quantitatively using 
luminogenie CYP 450 assays.
Cell adhesion on protein-nanopattemed substrates is the foeus in Chapter 7. The 
nanopattems are of the protein fibroneetin (FN), and they are prepared using polymer 
phase separation to create the patterns. Following adsorption of FN on the patterned 
diblock copolymer surface, CHO cells are cultured on the prepared substrates. Cell 
morphology, adhesion and spreading on the substrates are evaluated.This chapter 
presents the results of my work whieh has been carried out in eollaboration with Dan 
Liu, Joseph L. Keddie, and Richard P. Sear. The eontents in this chapter are mainly from 
the manuscript that has been published in the journal Soft Matter with the title “Cell 
adhesion on nanopattemed fibroneetin substrates” (D. Liu, C. A. Che Abdullah, R. P. 
Sear and J. L. Keddie, Soft Matter 6, 5408-5416 (2010)). Substrate preparation, 
eharaeterization and analysis were performed by Dan Liu while eell eulturing, imaging 
and analysis of eell adhesion on the substrates were performed by me. In addition, 
samples for AFM of cells were prepared by me but the imaging was eompleted by Dan 
Liu. The paper was written jointly by all four authors.
Chapter 8 summarizes the results of the entire dissertation research. At the end 
of this chapter, an outlook, challenges, and future work inspired by this researeh are 
presented.
In brief, this dissertation has the following eomplementary chapters: (1) Chapter 
1: Introduction and the outline of thesis; (2) Chapter 2: Literature review; (3) Chapter 3:
Main materials, method and principles of instrumentation; (4) Chapter 4: In vitro 
assessment of cellular uptake, intraeellular localization, and evaluation of cytotoxicity of 
single-wall carbon nanotubes (SWNTs); (5) Chapter 5: The culture of Chinese Hamster 
Ovary (CHO) and liver human hepatoma (Huh7) cells on aligned, isotropic and 
patterned CNT substrates; (6) Chapter 6: Human hepatoma (Huh7) eells and primary rat 
hepatocytes (PRH) cultured on multiwall carbon nanotube (MWNT) substrates, 
ineluding studies of cell morphology, proliferation, and liver-speeific function for liver 
tissue engineering and drug discovery applieations; (7) Chapter 7: Cell adhesion on 
nanopattemed fibroneetin (FN) substrates prepared via phase separation. (8) Chapter 8: 
Summary and future work.
The overall goal of this research is to advance our understanding of the use of 
earbon based nanomaterials in biological systems, in particular for cell uptake and 
artifieial matriees for tissue engineering. The knowledge obtained within this 
dissertation is expected to benefit future researeh on the biomedical applications of 
engineered nanomaterials, both carbon-based nanomaterials and others.
Chapter 2: Literature Review
This chapter aims to review literature most closely related to the present study, it 
focuses mainly on the work with carbon nanotubes (CNTs). It is in eight sections. 
Section one is a general introduction to a novel type of nanostruetured materials, mainly 
CNTs. This section discusses CNT’s unique properties and their potential applieations. 
Section two presents a review of the biomedical applications of CNTs. Section three 
reviews the use of nanostruetured materials, mainly CNTs as the transporters of 
biological molecules in vitro. Investigations of possible factors affecting the cellular 
uptake, trafficking and fate of nanomaterials inside cells are described in section four. 
Section five discusses and reviews the application of biocompatible materials such as 
CNTs as cellular growth substrates in the field of tissue engineering. Section six, on the 
other hand, focuses on the engineering cell adhesion for biotechnology application via 
protein nanopattemed substrates. Section seven presents the toxicity issues related to the 
utilization of CNTs, the novel nanomaterials either in suspension form, adhered/statie 
substratum or in composites form foeusing mainly on in vitro studies. The last section, 
section eight states the conclusions.
2.1 Introduction to nanostruetured materials: Carbon
nanotubes (CNTs)
Carbon nanotubes (CNTs) are a novel material that has been extensively 
investigated recently for a variety of applications, such as for biomedical as well as 
industrial applications. Well known allotropes of carbon are diamond and graphite.^ 
CNTs are another allotrope of carbon consisting of cylindrical nanostmctures and are a 
type of fullerene.^'^ Fullerenes are any moleeules made entirely by carbon atoms, with
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several types ineluding spherieal (buckminster fullerenes) and tubes (buekytubes). The 
discovery of CNTs by Japanese seientist, Sumio lijima in 1991 has ereated a lot of 
interest from researchers from different fields all around the globe. He first discovered 
multi graphitie sheets or multi-walled nanotubes (MWNTs) while preparing fullerenes 
via an arc-discharge method."  ^ Two years later, he explored single-walled nanotubes 
(SWNTs).^
CNTs are rigid one dimensional (ID) hollow, seamless eylinders of graphite 
sheet(s) having diameters in nanoscale and length up to microns. So CNTs have 
extremely high aspect ratios (ratio of diameter to length), with ratios up to 
132,000,000:1.^ There are two categories of CNTs: single-walled (one tube) or multi­
walled (several concentric tubes). These are illustrated in Figure 2.1. SWNTs for 
example are produced when a single layer graphene sheet is rolled up into seamless 
eylinder, while MWNTs are produeed when two or more layers of graphene sheets are 
rolled up together to form coneentric eylinders. The arrangement of the sheets in 
MWNTs resembles a Russian doll; with the smaller one concentrically inside the larger 
ones (see Fig 2.1). SWNTs have dimensions in the range of 0.4 to 3.0 nm in diameter 
and 20 to 1000 nm in length while MWNTs have diameters between 2 and 100 nm and 
lengths from 1 up to several pm.^
(A) A k  (B)
Figure 2.1 Images showing two types of CNTs. (A) SWNTs and (B) MWNTs 
molecular structures arrangement.^
CNTs exhibit unique properties such as their extraordinary mechanical strength, 
high Young’s Modulus, and high conductivity.^'^^ CNTs are found to be the stiffest 
materials on earth yet. Owing to their novel chemical and physical properties, CNTs 
have an important role in the context of nanomaterials. Their outstanding electronic and 
mechanical properties make them an ideal material for a wide range of applications such 
as electronic dev ices ,h igh  strength co m p o s i te s ,p ro b e s ,  sensors and actuators, 
regenerative medicine,imaging and drug-delivery systems.
There are several methods used to produce CNTs commercially. The common 
methods employed in order to produce large quantities and high quality CNTs are: arc 
discharge, chemical vapour deposition (CVD), laser ablation, and high pressure carbon 
monoxide ( H i P C O ) . T h e s e  processes usually take place in either vacuum or inert gas 
at high temperature and can produce various types of CNTs by simply adding catalyst 
(metal catalyst such as Fe, Ni, Co) and changing the temperature.^" All these synthesis 
methods lead to contamination with the catalyst or carbonaceous impurities, and 
produce a heterogeneous distribution of CNTs in terms of chirality, lengths and
diameters. Among these methods, the most eommon synthesis of CNTs nowadays is the 
HiPCO proeess whieh was pioneered by Smalley’s group.^^
Although CNTs have excellent properties with great potential for many 
applications, the major bottle neck in the exploitation of CNT applications is due to the 
fact that CNTs are insoluble in water and other water-based physiologieal fluids and are 
chemically inert.^^ Moreover, the attractive force (van der Waals forees) between the 
CNT molecules causes them to aggregate into microscopic bundles.^"  ^ These problems 
led to an extensive research focus mainly on modifying CNT surfaces, for example 
through chemieal purification, sonication, or functionalization, before they are used in 
different biological and physiological environments. In addition, working at low 
concentration or with the aid of dispersant is also helpful in order to overcome the 
aggregation.
Functionalization processes disperse CNTs in an aqueous medium by attaching 
molecules or functional groups physically or chemically to their sidewalls.^^’^  ^
Chopping, oxidation and wrapping are examples of functionalization method whieh 
generates binding sites on the CNT’s surface.^^ Biocompatihility of CNTs ean be 
aehieved through functionalization, by easily attaching various biological molecules 
such as proteins, lipids, etc. Covalent and non-covalent functionalizations are widely 
used. The advantage of non-covalent functionalization is that it preserves CNT 
electronic properties, unlike covalent funetionalization. Non-covalent fimctionalization 
is achieved by attaching biological molecules like deoxyribonueleie acid (DNA), 
ribonucleic acid (RNA), short interfering RNA (siRNA), single stranded DNA (ssDNA) 
and various proteins and peptides to CNTs.^^ The dispersed earbon nanotubes prepared 
via functionalization can also be decorated with speeific biological markers and the
adsorbed CNTs cargo can be speeifieally targeted to a spécifié intraeellular delivery 
location?^ This might enable the applieation of CNTs in biomedical applications such as 
in gene therapy and drug delivery.
2.2 Biomedical applications of nanostruetured materials
CNTs are one of the most commercially important nanomaterials. They have 
outstanding properties including high surface area, large aspeet ratio, nanoscopie 
dimensions, and excellent meehanical properties, making them in demand for diversified 
biologieal goals in nanomedicine for example drug delivery transporters,^® seleetive-cell 
destruetion agents,^ ^ biosensors,^^’^  ^ and tissue engineering (eellular growth 
subs t ra tes) .Reeen t ly ,  the applieations of novel CNTs as drug excipients or eell- 
supportive and biocompatible substrates started to boost significantly together with 
inereasing great hopes.
CNTs have emerged as a promising tool for the delivery of molecules into cells, 
as they are not only eapable of being taken up by cells, but can also immobilize the 
biological molecules on their surface.^® CNTs have been applied suceessfully to 
transport a wide range of molecules into mammalian cells. Studies have loaded CNTs 
with fiourescent dyes, peptides and proteins as model eargos; more recent work shows a 
trend towards the use of CNTs for targeted gene or drug delivery. The use of CNTs 
as pharmaceutical excipients allows for creating flexible drug delivery systems coupled 
with the ability to interact with biomolecules such as proteins or DNA.^® Several 
reseachers reported the suecessful in vitro use of CNTs as veetors (vehieles) for the 
delivery of small moleeules such as proteins, peptides, or genes.^ '^"^ ®
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CNTs also serve as biocompatible materials with great potential as cell- 
supporting subtrates. In tissue engineering, substrates play an important role as culturing 
cells requires a substrate and this substrate ean assist the tissue development process. 
Substrate refers to the surface where cells or engineered tissues grow on, or in the case 
of three-dimensional cell, scaffolds. In constrast to polymers, CNTs offers high 
mechanical strength, can be easily functionalized, and ean provide the structural 
reinforcement for tissue scaffolding. The incorporation of CNTs into the polymer 
composites has been shown to improve the mechanical strength of the prepared polymer 
nanocomposites. For example 0.8 wt % of MWNTs ineorporated into a chitosan matrix 
greatly increased the tensile modulus and strength, of the nanocomposites, by about 93% 
and 99%, respectively in contrast to bare ehitosan."^^
Many in vitro studies in the literature report the suceessful growing of different 
types of eells sueh as fibroblasts cells on various assemblies of CNT-based substrates."^  ^
In addition, smooth muscle cells have been successfully grown on a eomposite material 
consist of collagen matrix with embedded CNTs.^^
CNT-mediated biomolecule drug delivery, and CNTs as artificial substrates to 
sustain cell growth and proliferation will be briefly reviewed and discussed in the next 
seetion.
2.2.1 Nanostruetured materials facilitate intracellular delivery 
of biological molecules
A nanoscale material refers to materials with structural features in the range of 1 
to 100 nm. Owing to this, it exhibits unique properties such as exceptionally high 
surface area to volume ratio. There are many applieations of nanomaterials in the
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biomedical field sueh as in drug delivery, gene delivery, biosensors and as intracellular 
transporters.
Carbon based nanomaterials (fullerene, earbon nanotubes or carbon black), 
dendrimers, quantum dots, nanoparticles and nanoclay are among the nanostruetured 
materials used as a earrier of either drugs or biomoleeules into eells. Interestingly the 
size of these nanomaterials is eomparable to the size of anticancer drugs or biological 
molecules, for example proteins, peptides, genes (DNA, RNA, or siRNA), vaceines or 
eytokines. In addition, viruses and bacteria, which are disease-causing elements, are 
themselves nanoseale partieles. Herein, this seetion will focus mainly on carbon-based 
nanomaterials in particular carbon nanotubes (CNTs) as biological transporter. CNTs 
regardless of type (SWNTs or MWNTs) allow high loading of biomoleeules or drugs 
due to their high aspect ratio, and serve as non-immunogenie and biocompatible earriers 
following functionalization. Besides, the ehemieal nature of this nanostuctured material 
ean be tailored. Importantly, it is known that CNTs are easily taken up by cells.
Since the exploration of CNTs as intracellular transporters started, CNTs have 
been investigated for the delivery of numerous eargos into mammalian cells, ineluding 
peptides, proteins, DNA, immunogenic molecules, and drugs. The uptake of small 
biological molecules, large proteins and amino acids has been shown to be signifieantly 
increased by using CNTs.^^ Several studies conducted by different researchers revealed 
that functionalized CNTs are eapable of entering cells with higher efficiency than pure 
CNTs."^ "^ ’"^  ^ Further investigations carried out by Cui et al. and later on, Tian et al. 
also demonstrated that pure CNTs (non modified CNTs) were very diffieult to enter 
human embryonie kidney eells, human fibroblast cells and stem cells. These 
observations suggested that modifying CNTs’ surface by attaching biomoleeules such as
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DNA, proteins, peptides, oligonueleotides, nucleic acids, and siRNAs, will result in 
increased efficieney in entering almost all cell types, ranging from normal primary cell 
to tumour cells to stem cells.
Simultaneously, other studies began to investigate the uptake meehanism of 
CNTs into eells, intracellular loealization and/or distribution, elimination from eells as 
well as possible cytotoxie effects.^^’ Currently, the uptake pathways by which
CNTs enter eells, their loealization inside cells, and fate after internalization are all open 
questions and controversial topies.
Different routes for the uptake mechanism of CNTs have been proposed by 
researchers, but until now there is no consensus. Basically, three uptake mechanisms 
(phagocytosis, non-endocytosis and endocytosis) have been proposed by different 
researchers in the literature. The table below summarizes the proposed mechanisms of 
CNTs uptake carried out by several researehers.
Researchers Type of CNTs Proposed uptake mechanism
Pantarotto et al.^^’"^"^
SWNTs
MWNTs
Non-endocytosis
SWNTs Endocytosis
Cherukuri et al/° SWNTs Phagocytosis
Table 2.1 Summary of investigations of CNT uptake mechanisms. There are three 
different uptake mechanism suggested for CNTs; phagocytosis, endocytosis and non- 
endocytosis (= insertion or penetration).
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The first study of the uptake pathways of CNTs was carried out by Pantarotto 
and his colleagues where they observed the uptake of water soluble, amino 
funetionalized SWNTs with a covalently eonjugated fluorescent dye, FITC or a peptide 
(from the a subunit (Ug) of the Gg protein) in human and murine fibroblasts (3T6 and 
3T3), kératinocytes, and HeLa eell lines.'^ '  ^ Both eonjugates were internalized by these 
cell lines, however their site of aeeumulation tended to differ. Confocal fluorescence 
analysis demonstrated that peptide-SWNTs were found accumulated mainly in the 
nucleus, as proven by colocalization with the nueleus dye, DAPI (4',6-diamidino-2- 
phenylindole) staining. In eontrast, directly labelled SWNTs tend to loealize mainly in 
the cytoplasm. In addition, they observed that the uptake was not influenced by the 
changes in temperature (37 °C or 4 °C) as well as by the presenee of the endocytosis 
inhibitor, sodium azide. As a result, they suggested that CNTs uptake pathway to be via 
an energy-independent non-endoeytotie pathway. The mechanism of nanotube uptake 
indieated that it may oeeur either via insertion or penetration through the plasma 
membrane, possibly because CNTs have a cylindrieal shape and high aspeet ratio whieh 
may allow them to pierce the plasma membrane.
A study carried out shortly afterwards by Kam and eo-workers also demonstrated 
cellular uptake of SWNTs.'^^’'^  ^ The cellular uptake mechanism for SWNTs entering 
mammalian eells was claimed to be clathrin-mediated endocytosis, their studies include 
blocking clathrin and caveolae.'^^’'^  ^ They did not observe any uptake for samples where 
clathrin is blocked while there was uptake for samples where caveolae were bloeked. 
Moreover, the uptake by cells was found to be inhibited at lower temperature (4 °C) and 
in the absence of adenosine triphosphate (ATP), where eells were pre-treated with the 
endocytosis inhibitor, sodium azide. The uptake studies were performed on different cell 
types sueh as human promyeloeytie leukemia (HL-60) cells, Jurkat cells, Chinese
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Hamster Ovary (CHO) cells and 3T3 fibroblasts cells. All tested cells showed uptake 
only at 37 °C. Simultaneously, SWNTs show signs of colocalization with endosomes 
stained with FM 4-64. These evidences helped them to declare that SWNTs enter cells 
via an energy dependent endocytosis process. The SWNTs studied in this work were 
conjugated with a fluorescent dye or a fiuorescently-labelled protein through covalent 
and non covalent functionalization. Furthermore, both types of nanotube were only 
observed in the cytoplasm, not in the nucleus.
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Figure 2.2 Internalization of covalently and non-covalently functionalized CNTs by 
mammalian cells: (A) amino-SWNTs covalently functionalized with a FITC-labeled 
peptide in 3T3 human fibroblasts,^*  ^(B) oxidized SWNTs covalently functionalized with 
fluorescein in HL 60 leukemia cells,*^  ^ (C) amino-SWNTs covalently functionalized with 
FITC in HeLa cervical cancer cells,^^ (D) oxidized SWNTs non-covalently 
functionalized with Alexa-fluor-labeled streptavidin in the presence of FM 4-64, a red
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membrance and endocytotic vesicle marker, in HeLa eells,"^  ^ (E) as-grown SWNTs non- 
covalently labeled with fluorescein-PEG in BT474 breast eancer cells,^^ and (F) as- 
grown SWNTs non-covalently functionalized with Cy3-DNA in HeLa eells.^^
Another proposed mechanism for CNTs entering cells is phagocytosis. 
Cherukuri et al. ineubated different coneentration of SWNTs with mouse peritoneal 
macrophage eells in cell growth media containing a surfactant, Pluronic. Due to the type 
of cell and the average length of nanotubes used (1 pm), phagocytosis was proposed as 
the mechanism for nanotubes entering cells. Uptake via phagocytosis is restricted to 
speeialized cells like monocytes and macrophages, and it can take up large partieles in 
the range of 0.1-10 pm. Their investigation revealed that SWNTs tend to accumulate in 
intracellular regions apparently in the membrane-bound vesieles called small 
phagosomes. These vesicles are loeated in the eytoplasm and form due to an inward 
folding of the eell membrane to hold foreign matter during phagocytosis. This 
observation led them to suggest that these cells rapidly internalized SWNTs by 
phagocytosis in a temperature-dependent manner.
Furthermore, Porter and coworkers used teehniques including energy filtered 
transmission electron microscopy (EFTEM), electron energy loss (EEL) spectrum 
imaging, high angle annular dark field scanning transmission electron microscopy 
(HAADF-STEM) and confocal imaging to directly observe SWNTs uptake by human 
monocytes macrophages cells.^  ^ Their results proposed two possible mechanism of 
SWNTs entry into cells; energy dependent phagocytosis/endoeytosis and passive 
diffusion through lipid bilayers.
Apart from uptake pathways, the distribution inside cells and the fate of CNTs 
following internalization also tend to differ from one study to another. In a recent study,
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Kang et al/^ observed the uptake, trafficking and subcellular distribution of SWNTs 
functionalized noncovalently with ehitosan, and linked with folate aeid and Alexa Fluor 
488 fluorescent dye (denoted FA-SWNTs), within human hepatocellular carcinoma 
(Hep G2) cells. FA-SWNTs were internalized by eells via a folate receptor-mediated 
pathway and found mainly in the cytoplasm and lysosomes. Similar studies were 
eonducted by Cheng and co-workers who investigated the intracellular distribution of 
FITC-labeled, PEGylated SWNTs in several eell lines and they reported the 
aeeumulation of CNTs in the nucleus, mainly in the structure in a cell nueleus known as 
the nucleolus. This was in HeLa, human osteosareoma (U20S), and primate 
fibrosarcoma (HT1080) cell lines. However, no aeeumulation was deteeted in the 
nueleolus of mouse embryonic fibroblast (MEF), cervical carcinoma-derived (C33A) 
and human embryonic kidney (HEK 293) eell lines.
Although CNTs hold a great promise for future biomedical applications, the 
major obstacles when working with CNTs is that they are insoluble in water and more or 
less chemically inert. Thus, the first step is often to functionalize them, not only to 
render them soluble in water, but also to inerease their biocompatibility and to allow for 
the further attaehment of biomoleeules. This ean be accomplished in two different 
schemes: noncovalent functionalization, by wrapping the CNTs either with polymers, 
proteins or genes, and covalent functionalization by oxidising them through a mixture of 
concentrated inorganic acids to introduce carboxylic groups and then attaehing 
biomoleeules to the carboxylic groups with the formation of a chemical bond. Figure 
2.2 outlines the results of various uptake studies in relation to different type of CNTs 
functionalization, demonstrating that intraeellular distribution and uptake meehanism of 
the applied CNTs formulations differ widely from one study to the next.
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This indicates that the interaction of CNTs with mammalian cells very likely 
depends on the physieal and chemical properties of the CNTs, which will depend on the 
type of fimctionalization. In the case of noncovalent functionalization, possible 
interactions of the attaehed surfactants or biomoleeules or the CNT surfaee itself with 
proteins sueh as bovine serum albumin (BSA) present in cellular growth media might 
alter the interaction of CNTs with cells significantly. In the next seetion, several factors 
which may possibly contribute to the different intracellular uptake and distributions of 
CNTs in mammalian cells will be addressed.
Previous studies focus mainly on the uptake, trafficking and translocation of 
CNTs in cells. Recently, Jin and co-workers used a real time perfusion microseope stage 
to track and quantitatively measure the rates of endocytosis and exocytosis of SWNTs 
into and out of mouse embryonic fibroblast (NIH-3T3) cells.^^ Exocytosis is a process 
by whieh cells expel or clear out the foreign materials. The pathway leading to the 
formation of SWNT aggregates and accumulation inside eells was identified and they 
concluded that the rates of SWNT endoeytosis and exocytosis are closely matched. 
These proeesses are regulated by the eells to make sure that the concentration of foreign 
materials inside eells is retained below the eytotoxic levels.
2.2.2 Factors potentially affecting cellular uptake, trafficking, 
and fate of nanomaterials
In order to get a better understanding of the processes that govern the 
internalization, distribution and exoeytosis of nanostruetured materials within eells in 
vitro, there are several factors that need to be eonsidered as they may influenee the 
uptake proeess, aeeumulation site as well as exocytosis. Among these faetors are
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physical factors such as size, shape or geometry, and length distribution of the 
nanomaterial. Chemical factors of nanomaterials, for instance ehemieal composition, 
metal impurities, type, quality and surface charge of nanomaterials, are also reported to 
affect the exposure assessment. Apart from that, cell type, cell density and the effect of 
sedimentation and difftision ean also influence the uptake and release of nanostruetured 
materials.
The clear inconsistency in the literature in regards to the exact uptake 
mechanism may be related to the differences between the CNTs used in the experiment 
as well as to differences in the experimental procedures chosen.
Non-functionalized CNTs have not been investigated to a great extent. However, 
the features of these non-funetionalized CNTs that influenee cellular internalization 
were addressed by Raffa and eoworkers.^^’^  ^ They used different types of as produced, 
non-functionalized MWNTs in their study to evaluate how far the uptake of CNTs in 
vitro is influenced by their physicochemical properties. They produced and fully 
characterized different kinds of MWNTs in terms of diameter, length, metal impurity, 
carbon soot and surface chemistry. The cellular uptake of different MWNTs by 
immortalized mouse hippocampal (HN9.10e) cells was evaluated by using standard 
fluorescent probes and confirmed by TEM images. Their findings demonstrated that 
apart from the degree of dispersion and the formation of supramolecular complexes, the 
length of MWNTs can be crucial factors in the mechanism of cellular uptake. An 
energy-independent mechanism (insertion and diffusion) for uptake was proposed, and 
the accumulation site for MWNTs with length less than 1 micron was mostly in an 
acidic compartment: lysosomes.
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Three uptake mechanisms for nanomaterials have been reported in the literature. 
Phagocytosis seems to be the mechanism for aggregates, bundles or cluster and single 
dispersed CNTs with length about 1 micron or more. Endocytosis and non-endocytosis 
(diffusion) has been suggested to be the uptake mechanism for CNTs forming 
supramolecular structures and for submicron CNTs that do not form supramolecular 
complexes, respectively.
The interactions of carbon-based nanomaterials with mammalian eells are also 
expected to depend on both the physical and chemical properties of the nanomaterials. 
Mammalian cells are usually cultured in complete cell culture medium: eell culture 
solution (e.g, RPMI 1640, F12 Ham Media, DMEM) plus some percentage of fetal 
bovine serum (FBS). Serum in cell media consists of various proteins that will adsorb to 
the nanomaterials surface sueh as fibroneetin, albumin and transferrin.
Detailed studies on how the adsorbed proteins modulate the nanomateriaTs 
biological activity and their molecular targeting have been carried out by Dutta and co- 
workers.^^ Their result demonstrated that albumin is the main protein that adsorbs on the 
SWNTs. Other adsorbed proteins include caseins and hemoglobins. Interestingly, when 
they solubilise the CNTs with a surfactant (Pluronic F127) the amount of protein 
adsorbed decreases but is still significant. Albumin still sticks to the tubes even in the 
presenee of surfactant. Surfactants may prevent the aggregation of nanomaterials and the 
formation of important protein-nanomaterial complexes that affect uptake, distribution 
as well as toxicity. Proteins adsorbed on nanomaterial surfaces and in the presenee of 
surfactant will influence uptake pathways due to the resulting alteration in protein 
adsorption. Cells themselves produce many proteins that will tend to coat any foreign 
material including CNTs. This will of course occur even in a system without serum.
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Chithrani et al. eondueted studies to determine the effect of protein coating on 
cellular uptake and the biologieal processing of gold nanopartieles (Au NPs). They 
found that the uncoated nanopartieles show a higher uptake in comparison to 
nanoparticles precoated with bovine serum albumin (BSA). This is due to the fact that 
serum proteins in the cell culture media adsorb to the surface of the uneoated 
nanopartieles. The serum proteins ean interact with different receptors located on the 
eell membrane, thus increasing the rate of internalization.
Similar studies have been performed by Zhu et al. on HeLa eells. HeLa eells 
were ineubated with MWNTs and three types of carbon black. They examined the 
dependence of carbon nanoparticle (CNP) uptake on the serum proteins. In contrast to 
the previous study, they found that cells which are exposed to CNPs in the serum-ffee 
culture medium show 3 to 4-fold higher cellular uptake than those in the culture media 
with serum. This difference is likely related to the differences in the solubility of CNPs 
induced by the serum proteins, as indieated by Casey et al. who investigated SWNTs 
interaction within cell culture medium.
In an attempt to improve solubility, biocompatibility, and to increase eellular 
uptake, CNTs can be funetionalized with various biological molecules such as lipids, 
peptides, proteins, enzymes as well as with a broad range of fluorescent dyes. Antonelli 
and eoworkers have thoroughly investigated oxidized SWNTs which are eovalently 
eoated with stearyl alcohols, and phospholipids (phosphatidylethanolamine (PE) or - 
serine (PS)) to create mieelle-like structures. Their results showed that the cellular 
uptake of these constructs if they have sizes larger than 400 nm occurs via phagocytosis, 
and the eonstructs then loealize inside endocytotic vesicles. For constructs up to 400 nm
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cellular uptake oecurs via difftision through the cell membrane and they then aeeumulate 
mainly in the cell eytosol.
Research conducted by Chin et al. funetionalized SWNTs non-covalently with 
a designed amphiphilic helical peptide termed nano-\, and found that the uptake of 
SWNTs by HeLa eells is six times higher in eomparison to the one without peptides. 
Earlier studies earried out by Lin and coworkers elearly showed that different surface 
functionalizations (3-aminopropyl (AP), 3 -guanidinopropyl (GP), 3-[A-(2-
guanidinoethyl)guanidino]propyl (GEGP), and A-fblate-3-aminopropyl (FAP)) of 
mesoporous silica nanopartieles affect the uptake effteiency, endocytosis mechanism, 
and the ability to eseape the endosomal system in HeLa cells.^ "^
In other work, researehers are focusing on the relationship between size and 
shape of nanomaterials (of the same eomposition) and the uptake meehanism. Chithrani 
and co-workers investigated the dependenee of uptake of Au NPs on size, shape, 
incubation time and concentration. Their results indicate that the rate of internalization 
for nanopartieles with diameter ~ 50 nm is faster than that for other diameters of Au 
NPs. Spherical nanomaterials have a higher tendeney to enter cells in contrast to the rod­
shaped particles.®^ '®®
Another study carried out by Canelas et al. employed a top down fabrication 
technique known as PRINT (Particle Replieation In Non-wetting Templates) to find out 
how size, shape, chemieal eomposition and surface charge affect cellular internalization. 
They used cationie, erosslinked poly (ethylene glycol) hydrogels to make partieles 
which differ in both geometry and size. HeLa cells internalized high aspect ratio 
particles 4-fold faster than more symmetric, lower aspeet ratio particles of the same 
volume. Also for cylindrical particles with the same aspect ratio, the internalization is
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strongly dependent on size; the larger the size the more they were internalized by the 
cells. So, the evidence is that the rate of nanoparticle internalization depends on aspect 
ratio and absolute size of the partiele. Their findings demonstrated that the 
internalization is clearly dependent on the size and shape of the materials.
Rejman et al. also showed that the pathway of entry, aeeumulation and the 
subsequent intracellular traffieking were all strongly dependent on particle size. Using 
murine melanoma cell type, B16 cells and fluoreseent mierospheres of defined sized 
(50-1000 nm), they found that for partieles with diameters less than 200 nm, uptake is 
by endocytosis via clathrin coated pits and that by increasing the partiele size, the 
internalization shifts to another mechanism called caveolae mediated endocytosis. Their 
data imply that the size of partieles is itself an important factor in determining the 
pathway of entry, the efficiency of cellular uptake, the mode of endoeytosis and the 
efficiency of particle processing along the endocytic pathway.
As reported by Zauner et al., cell type and eell density can also play a role in 
uptake. Various cell lines, namely murine lung eareinoma (KLN 205), mouse hepatoma 
(Hepa 1-6), human hepatoeellular eareinoma (Hep G2), head and neck squamous 
carcinoma (HNX 14C), human endothelial (ECV 304), and human umbilical vein 
endothelial cells (HUVEC) both in growing and confluent phase, were used and 
ineubated with labelled polystyrene mierospheres. Their findings indicate that the 
maximum particle size whieh can be taken up by eells is dependent on cell type and eell 
density. Confluent HNX 14C, ECV 304, and HUVEC cells were found to be as aetive as 
growing eells, and able to take up large particles ranging from 20 nm up to 1 pm. 
However, in the ease of hepatic cell lines, Hepa 1-6 and HepG2 cells barely internalized 
partieles larger than 220 nm. Interestingly, the largest differenee between growing and
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confluent cells in the uptake was detected with the KLN 205 cell line, where the uptake 
of particles up to 560 nm observed only for the cells in the growing phase.
Features of the surface chemistry of the nanomaterials such as surface charge 
may also influence the cellular uptake and the fate of nanomaterials internalized by 
cells.^®’^  ^ Kostarelos et al. functionalized CNTs covalently with different types of 
small molecules including ammonium, acetamido, flourescein isothiocyanate (FITC), or 
bifunctionalized with ammonium-FITC, methotrexate (MTX)-FITC, amphothericin B 
(AmB)-FITC, and ammonium groups-FITC via amide linkage. They found that the 
cellular uptake of functionalized CNTs was independent of both cell type and surface 
charge of the attached functional group.
There are other factors that may affect the uptake and accumulation of 
nanomaterials in vitro, such as type of nanomaterial used, production method, 
incubation time, and concentration. This means that there is a need to perform detailed 
studies in order to gain a clear understanding of potential factors that might affect both 
the uptake and intracellular trafficking. Different results regarding the cellular uptake 
and intracellular accumulation of CNTs reported are presumably due to the fact that 
different research groups use different CNTs, different methods as well as different cell 
types.
2.2.3 Materials with nanoscale surface structure as cellular 
growth substrates for tissue engineering application
Previous sections of this chapter discussed the application of CNT dispersions as 
potential biomolecule or drug carriers, as well as discussing open issues related to the 
cellular uptake, trafficking and fate of CNTs. This section will focus mainly on the
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exploitation of carbon-based nanomaterials as cellular growth substrates. Over the past 
few years, the exploration of different types of nanomaterials as cellular growth 
scaffolds or substrates for application in tissue engineering has been one of the fastest 
growing research areas.
Cells interact with, and respond to, the substrate they are growing on. Cell- 
substrate interactions depend sensitively on the topography and chemistry of this 
substrate.^^ The response of a cell to a substrate will in general depend on the cell type 
as well as the substrate. The topography of the substrate can be smooth, rough (i.e., 
disordered) or with a periodically varying height.^"  ^The substrate can also be isotropic 
or anisotropic. Rough substrates mean that the height varies but not with a simple 
repeating pattern, although it may have a characteristic lengthscale. An isotropic 
substrate is the same in all directions so provides no cue to orient the cells, while on an 
anisotropic substrate the cells may align along a particular axis of the substrate.
Anisotropic substrates can have grooves and ridges and have been found to 
influence cell migration, cell elongation and alignment along the direction of the 
grooves and ridges, a phenomenon known as contact guidance.^^'^^ Also, for cells on 
grooves and ridges, cell behaviour has been shown to be sensitive to substrate features 
such as the groove width, depth, and the pitch of the pattem.^ '^^^ In the work discussed 
above, the substrate pattern is on length scales varying from a few times larger than a 
single protein to approximately the size of a focal adhesion (~ micrometre). Substrates 
can also be patterned on the lengthscale of a cell. For example, O’Neill et al. and 
Chen et al. showed that a substrate with islands that promoted adhesion surrounded 
by a surface that the cells could not adhere to, could directly control the size and shape, 
and hence the behaviour of cells.
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Subsequent work has seen dramatic effects on the cell cytoskeleton by varying 
the substrate geometry. For example Hidai et al. studied cells on cylindrical
fibres that had diameters comparable to the cell size. Both fibroblasts derived from 
Swiss mouse embryo (NIH 3T3) and Madin-Darby Canine Kidney (MDCK) cells 
exhibit morphologies on the fibres that are very different from the morphologies 
associated with fiat substrates. The organisation of the cell’s cytoskeleton (bundles of 
actin filaments) is very different for cells growing on fibres than it is for cells growing 
on a fiat substrate. In addition, recent work by Jeon et al. has looked at grids of 
varying aspect ratio, 1:2, 1:4, and l:oo. The aspect ratio of 1:4 for both crossed and 
parallel line patterns was found to have a significant effect on the cell alignment as well 
as the directionality of cell migration. It is well established that micronscale 
topographies and patterns influence cellular behavior.^^'^^
CNTs have a number of advantages for making substrates for cell growth. They 
are inert, mechanically robust, electrically conductive, and provide a nanoscale, fibrous 
topography to any surface they create or are deposited upon. In vivo, cells are 
surrounded by and interact with a complex three-dimensional extra-cellular matrix 
(ECM) environment which has a nanoscale structure. The major protein constituent of 
the ECM is collagen, whose fibrils have a diameter of around one nanometre. The ECM 
provides physical cues that affect cell behaviour and hence the formation of functional 
tissues from cells. Thus, materials with controlled nanoscale topography such as CNTs 
can be used to mimic ECM features and to direct cell behaviour. These materials are 
required for successful tissue engineering.
Several investigations have reported on the growth of various cell types on 
various CNT-based matrices, for example fibroblasts, osteoblasts^^'^^ and neural
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cells.^^ Thin films of nonwoven SWNTs were found to significantly increase the 
adherence, proliferation, and improved cell-cell communications of mouse fibroblast 
cells over that found on cell culture plates, polyurethane, or carbon fibres.^^
Silicone rubber coated with CNTs was found to promote both the adherence and 
proliferation of osteoblast-like cells (Saos-2 cells) during cultivation for six days, while 
on the bare silicone rubber Saos-2 cell adhesion was virtually non-existent/^ Asaka and 
coworkers cultured Saos-2 cells on both SWNT and MWNT sheets. Their results 
showed faster adhesion and greater cells attached on MWNTs rather than SWNTs and a 
polystyrene dish.^^° Another study also reported Saos-2 cell spreading and proliferating 
in conjunction with numerous filopodia formations. Here cell adhesion was so strong 
that standard enzymatic treatment with trypsin-EDTA could not detach the cells from 
the CNTs surface.
In addition, Mattson et al. grew rat hippocampal neuron cells for up to eight 
days on CNT substrates. The neuronal cells exhibited preferential adherence to CNTs by 
migrating off of the surrounding Si02 surface onto the CNT i s l a n d s . H u  et al. 
showed that rat hippocampal neurons have more growth cones with extensive branching 
and longer neurites on positively charged MWNTs. The electrical conductivity of CNTs 
may be an especially useful property for neural tissue engineering.^^’^ ^
Another advantage of using CNTs as cell culture substrates is that their surface 
can be functionalized with a wide variety of chemical groups, biological markers, 
biomolecules, oligomers, and polymers to enhance cellular viability and function. 
Mattson et al. functionalized CNTs with the bioactive molecule 4-hydroxynonenal, 
and found neuron cells exhibited extensive branching with multiple neurites in contrast 
to unmodified CNTs. Bones consist of organic and inorganic materials, natural collagen
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fibers and crystalline hydroxyapatite, respectively. In one study, CNTs functionalized 
with different types of negatively-charged organic groups induced hydroxyapatite (HA) 
crystallization.^®^ This finding indicates the possibility of using CNTs in creating 
artificial bone due to CNTs mimicking or replacing collagen.
Highly aligned CNTs arrays can be produced to provide an anisotropic surface. 
Surfaces of parallel MWNTs can be created from highly-aligned MWNT sheets drawn 
from MWNT forests. Highly aligned, three dimensional yams can be drawn from 
aligned MWNTs sheets. Both MWNT sheets and yams support the growth of different 
cell types such as fibroblasts, Schwann cells, as well as neuron cells.^®^  These aligned 
MWNTs increased adhesion, axon extension and induced cytoskeletal orientation in the 
cells. Edwards et al. examined mouse fibroblast NR6 cells on a tubular micro-scale 
scaffold composed of a glass rod wrapped with a 9 ply MWNTs yam. They also looked 
at cells cultured on electrospun polymer/MWNTs composite.
In addition, the nanotopographic characteristic of both MWNT sheets and yams 
is similar to the characteristic topography of extracellular matrix (ECM) found in intact 
tissues such as the liver. It is known that cell function can be modulated by culturing 
cells on synthetic materials mimicking ECM with controlled nanoscale topography.^ 
But so far, no papers reported the use of these nanostmcture materials as synthetic ECM 
for application in liver tissue engineering, for example to produce a liver-like system for 
use in dmg discovery.
It is well known that in vitro toxicology tests for new dmgs are normally done 
using liver cells ranging from immortalized liver cell lines to primary hepatocytes. 
Primary hepatocytes are the gold standard in evaluating for potential liver toxicity of the 
new dmgs. Hepatocytes are identified as the “functional units” of the liver which
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perform many functions, including synthesis of proteins such as albumin and 
biotransformation of xenobiotic compounds. Primary hepatocytes are conventionally 
cultured using ECM derivatives such as collagen, which comes from an animal source. 
So, synthetic substrates offer advantages over conventional ECM that include no 
variation from batch to batch, no contamination by pathogens, as well as no transport 
barrier for nutrients or waste.
A major problem with primary hepatocytes in a monolayer culture configuration 
is that they rapidly lose liver-specific enzyme activity, and are then useless for toxicity 
testing. To overcome this problem, a standard collagen sandwich culture system 
(collagen (top)-cell-collagen (bottom)) is used. There is evidence that a synthetic 
sandwich culture improves differentiated functions and cell-cell interaction over a 
conventional sandwich culture. For example, Zhang et al. cultured hepatocytes in a 
sandwich between a porous silicon nitride (SigN4) membrane conjugated with galactose 
(top) and a polyethylene terephthalate (PET) film on the bottom and found improved 
differentiated functions (apical repolarization and biliary excretion) over those cells in a 
collagen sandwich. Also, synthetic sandwiches offer better functions and cell-cell 
interaction than a conventional collagen sandwich.
Wang et al. investigated hepatocytes cultured on PuraMatrix scaffold, a 
synthetic peptide that can self-assemble into three-dimensional interweaving nanofiber 
scaffolds to form a hydrogel. Hepatocyte formed spheroids on PuraMatrix and showed 
higher albumin, urea secretion and cytochrome P450 (CYPlAl) activity than 
hepatocytes in collagen sandwich configuration. Recently, Rothenberg and coworkers 
using nanofiber surfaces (Ultra-Web and Ultra-Web polyamines) and demonstrate 
enhancements in cytochrome P450 (CYP3A4) activity in hepatocytes ce l ls .Fo l low ing
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induction with dexamethasone (Dex) and pregnenolone-16a-carbonitrile (PCN), 
CYP3A4 activity measured for hepatocyes on Ultra-Web surfaces was five fold higher 
than hepatocytes grown on collagen.
To date, substrate surfaces with variations in nanotextured topography have been 
produced via a number of methods, including but not limited to electron beam 
lithography,^ photolithography,^ electrospinning,^^^ microstamping, hot
emboss ing ,s tenci l  patteming,^^^ and polymer phase s e p a r a t i o n . I n  the next 
section, the use of polymer phase separation to create patterns at nanoscales will be 
addressed. Following protein adsorption, various patterns were produce and these 
patterns can be used to engineer cell adhesion.
2.2.4 Protein nanopatterned substrate for cell culture: 
Engineered cell adhesion for cell culture biotechnology 
application
Pattern substrates can serve as powerful tools in the understanding the 
fundamentals of cell adhesion. In addition, control of the spatial arrangement of proteins 
using patterned surfaces is critical for several biotechnologies including biosensors, 
protein microarrays,^^"^’^ ^^  stem cell b io lo g y , t i s s u e  engineering, and regenerative 
medicine. There are a few methods usually applied in fabrication of surfaces for ECM 
protein patterning such as microcontact printing, self assembled monolayers, dip-pen 
lithography, and colloidal lithography using diblock copolymer.
Surfaces with patterned ECM protein can be utilized to investigate factors that 
regulate cell function such as adhesion, migration, proliferation as well as cell-cell
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interaction/^^ Adherent and monolayer cell culture in the laboratory usually uses cells 
grown on the treated glass or polystyrene flasks. In order to proliferate, cells seeded in 
the flasks need to first attach and spread out on the substrates. Surfaces for cell adhesion 
can be generated by simply coating the substrates with ECM. Adsorption of proteins 
such as fibronectin or victronectin on substrates will mediate cell attachment, cells will 
attach to the adsorbed protein as they do to ECM component in vivo. Protein adsorption 
on biomaterial or scaffold surfaces is crucial in order to understand their 
biocompatibility. ^
Precise control over spatial arrangements of proteins such as ECM proteins on 
surfaces is important especially in the field of tissue engineering. For example thin films 
of diblock copolymer polystyrene-block-poly (methyl methacrylate) (PS-b-PMMA) 
were used to guide protein assembly of a number of proteins including whole molecule 
immunoglobulin G (IgG).^^  ^ The same microphase-separated PS-b-PMMA was also 
utilized for horseradish peroxidise (HRP) and mushroom tyrosinase (MT) and other 
proteins. They observed both stability and catalytic activity of HRP and MT 
immobilized on domains of PS-b-PMMA that were preserved for more than three 
months.
George and co-workers used the self-assembly of maleimide functionalised 
polystyrene-block-poly (ethylene oxide) (PS-PEO) copolymers to precisely control the 
position of cellular adhesion molecules. They created various arrangement of the 
adhesion peptide, GRGDS. As the spacing between domains of RGD binding peptides 
decreases, fibroblasts spreading increases. Furthermore, using the same PS-PEO block 
copolymer, poly-histidine tagged proteins and extracellular matrix (ECM) fragments 
have been immobilized.
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Protein adsorption and cell adhesion on phase-separated block copolymer 
surfaces composed of poly (2-methacryloyloxyethyl phosphorylcholine (MPC)) (PMPC) 
and poly (dimethylsiloxane) (PDMS) was investigated by Seo and coworkers/^^ They 
found that protein adsorption occurs selectively on the hydrophobic PDMS domains, 
and that the number of adhered cells depends on the PDMS domain size of block 
copolymers. This was for cells in serum-containing media. In the case of culturing cells 
in serum-free media, cells were observed to attach mostly on the hydrophobic PDMS 
with no cells adhered onto block copolymer surfaces. This outcome suggests a strong 
influence of serum protein adsorption on patterned surfaces, mainly on the cell adhesion.
Protein patterning also offers control over the local microenvironment of the cell, 
for example Chen et al. showed that square patterns of protein lead to the formation 
of cells with cuboidal shape following cell adhesion. Both micrometer and nanometer 
scale patterns of surface proteins have been found to modulate cell adhesion 
complexes. The axis of cell division can also be guided by the shape of the cell and its 
link with the ECM,^^  ^ and patterns of adhesive ECM proteins can alter the internal 
organization of the cells in terms of organelles (nucleus, centrosomes and Golgi 
apparatus) position as well as the distribution of stress fibres and traction forces.
2.3 Toxicity issues related to nanostructured materials
Despite the enormous attention that has been given to the applications of CNTs 
in biological applications, some studies have raised concerns over the potential toxicity 
issues related to this novel nanomaterial. Divergent results concerning the 
biocompatibility and safety of CNTs have been reported in recent years and this section 
will briefly review data for possible CNT toxicity. This potential toxicity is sensitive to
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the CNT type, functionalization, etc. Lately, the number of toxicological investigations 
of CNTs has increased significantly. This section focuses mainly on studies involving 
CNT applications in vitro.
One reason for this concern is that this novel material has fascinating properties 
such as being very small in size, and having a high surface area and large aspect ratio 
which may be major factors leading to toxicity. In vitro toxicity assays offer a practical 
method for performing well-controlled investigations under highly controlled 
conditions.
Although the toxicity of CNTs has been studied extensively by several research 
groups, the results are fi*equently inconclusive. There is a large variability between the 
results of different groups using different CNT materials (SWNTs versus MWNTs), 
manufacturing method, catalyst residue, concentration of dose, incubation times, cell 
lines (immortalized versus primary cells), oxidation, functionalization, length, aspect 
ratio, degree of aggregation, assays used for evaluation of toxicity as well as the 
differences in the form of the CNTs (dispersion, substratum or composite).
Toxic responses have been mostly observed in in vitro studies by researchers 
working with CNTs in suspension. Among the factors shown to influence CNT toxicity 
in this mode of usage are the concentration and exposure time as well as the CNT 
dimension and functionalization. Several papers show that regardless the type of CNTs 
used, high concentrations coupled with prolonged incubation time boost the induced 
toxicity, as evidenced by a decrease in cell viability.
Bottini et al. for example assessed the toxicity of pristine and oxidized 
MWNTs on human tumor T lymphocytes, and found dose and time dependent toxicity
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using the Trypan Blue assay. Cells were treated with each type of MWNT for up to five 
days at a total concentration of 40 or 400 pg/mL. In addition, oxidized MWNTs were 
found to be more toxic than pristine MWNTs. Jia and coworkers conducted experiments 
to compare the toxicity of another carbon based nanomaterial, Ceo, and SWNTs together 
with MWNTs in primary alveolar macrophages. The carbon nanomaterials of 
different sizes exhibited different toxicity results. Apparently SWNTs caused 20% cell 
death even at the lowest concentration, and no toxicity was observed for Cgo within the 
tested concentrations.
Functionalization is an approach utilized in the preparation of stable aqueous 
suspensions of biocompatible CNTs. Interestingly several researchers demonstrate that 
increasing the degree of functionalization of CNTs dramatically decreases the 
cytotoxicity. For example, Kostarelos and coworkers found that shortened 
functionalized MWNTs are not toxic.^^ This is in agreement with the earlier studies by 
Sayes et al. who studied the cytotoxic response of cultured human dermal fibroblasts 
cells to different SWNTs in solution, and showed that by simply increasing the degree of 
sidewall functionalization the SWNT sample becomes less cytotoxic to cells. Kam et al.
also reported the uptake of pristine and protein functionalized SWNTs via endocytosis 
without any apparent toxicity.
In addition, the manufacturing method of CNTs and the presence of metal 
catalyst (e.g., iron (Fe) and nickel (Ni)) also play a role in cytotoxicity. Different 
manufacturing methods will produce CNTs with different size distributions and purity. 
The catalysts present in the CNTs are found to produce free radicals, reactive oxygen 
species (ROS) possibly via the Fenton reaction, and this leads to an inflammatory 
response. ROS are harsh to cells and could influence cell structure, physiology, and
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function which lead to a loss in cell viability. Pulskamp et al. determined that 
MWNTs containing 5% catalyst residue led to oxidative stress in two cell lines, namely 
rat alveolar macrophages (NR8383), and human lung adenocarcinoma epithelial (A549) 
cells. Treated cells also demonstrated damage to the mitochondrial membrane. A similar 
study using SWNTs was carried out by Shvedova et al. who also observed ROS 
generation and mitochondria damage which led to cell death in human kératinocytes 
(HaCat) cells.
Another important consideration is that for in vitro studies, CNTs are suspended 
in culture media, and different cells were cultivated in different media plus certain 
amounts of serum. Serum in cell media consists of various proteins such as bovine 
serum albumin. Elgrabli et al. observed that the presence of serum albumins produce 
homogenous and well dispersed CNT suspensions without any alteration to CNT 
structure. The prepared dispersion was then exposed to human lung epithelial (A549) 
and human leukemic monocyte lymphoma (U937) cell lines to evaluate the potential in 
vitro toxicity. Serum albumin in culture media will adsorb to the CNT surface. Proteins 
adsorbed on nanomaterial surfaces will influence both the uptake of CNTs and then- 
potential toxicity. Zhu et al. reported a link between adsorbed serum protein on CNTs 
and the toxicity evaluated in HeLa cells. Cells themselves produce many proteins that 
will tend to coat any foreign materials including CNTs. Serum proteins are found to 
decrease the toxicity of CNTs, and the extent of toxicity attenuation observed is 
proportional to the amounts of protein adsorbed on the CNTs surface.
The number of applications of CNTs as scaffolds or cell culture substrates is 
growing rapidly, and no toxicity has been reported suggesting the cytocompatibility of 
CNTs in this form. Several different assemblies of CNTs have been used and
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researchers have grown different cell types on them. For example, Meng and coworkers 
cultured mouse fibroblast cells (3T3-L1) on nonwoven SWNTs and revealed significant 
enrichments in terms of cell adhesion and proliferation, and cells exhibit highly 
organized cytoskeletons.®^ Another research group reported that thin mesh layer of 
SWNT film is greatly biocompatible (measured by dehydrogenase metabolic activities) 
and promotes human mesenchymal stem cells (hMSCs) adhesion and proliferation.^^® 
Nanotopography of SWNT film effects hMSC morphology, cytoskeleton orientation, 
and gene expression. Cell viability of hMSCs on day 7 and day 14 of culture is 61% and 
75%, respectively.
Galvan- Garcia et al. cultured neuron and glial cells on both aligned sheets
and fi*ee standing yams made from MWNTs. Cells adhered well, proliferated and 
showed axon extensions. Another form of assembly is called buckypaper. Buckypaper 
refers to a fiat, thin sheet consisting of entangled CNTs. Belluci et al. assessed the 
cytocompatibility of MWNT buckypaper on cancer (human colorectal, breast and 
leukemic cancer cell) and primary (normal human arterial smooth muscle cells and 
human dermal fibroblasts) cell lines. Their results showed low toxicity, with no effect on 
cell proliferation for normal cell lines although cancer cell lines showed a slight 
decrease in proliferation.
The cytocompatibility has also been studied for cells cultured on CNT-based 
composites. For example, osteoblast cells were cultured on a conducting polymer 
nanocomposite made from poly lactic acid and carbon nanotubes (PLA-CNT). It was 
found that the function of osteoblast cells can be modulated for applications in bone 
repair or regeneration. Balani and coworkers studied the interaction between 
osteoblast cells with CNT-reinforced hydroxyapatite composites prepared via plasma-
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sprayed method/^® Rat aortic smooth muscle cells were cultured on composites 
comprising a collagen matrix with embedded CNTs (collagen-CNT), and showed that 
cell morphology is unaffected and cell viability is consistently high throughout the 
collagen matrix observed by confocal microscopy and vital staining. This composite 
material which formed rigid fibril bundles was also reported to have an impact on 
human embryonic stem cell (hESC) differentiation. Cells were observed to follow the 
alignment of the composite matrix and hence the substrates polarized the hESC growth. 
On day 3 of culture, 90% of the cells on collagen-CNT differentiated to the ectodermal 
lineage.^ ®® Another research group used electron spinning to fabricate aligned 
nanofibrous scaffolds of multiwalled carbon nanotubes and polyurethane (MWNT/PU) 
and then observed the growth behaviour of fibroblast and endothelial cells was 
improved on the substrates.
There are several challenges in obtaining data on the toxicity of CNTs. The main 
problems are due to the diversity in CNTs with various shapes, sizes, surface 
chemistries, purities, and functionalizations needing to be evaluated. The lack of 
consistency between studies also arises as different group tested different CNTs on 
different cell lines, at various concentrations, and incubation t im es .A n o th e r  challenge 
is misleading in vitro toxicity of CNTs results owing to the absorption of colorimetric or 
fiuorescence assay indicator compounds on CNTs. CNTs have been reported to have the 
ability to interact with several commonly employed toxicity assays such as the MTT 
assay (based on the mitochondrial activity). Neutral Red assay (based on the lysosomal 
activity), Alamar Blue assay (based on the metabolic activity), and Commassie Blue 
assay (based on protein co n ten t s ) .T h e  results obtained from these assays have been 
questioned, further complicating issues with CNTs toxicity evaluation.
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So, in order to overcome the obstacle in assessment of CNTs toxicity, we should 
not rely on cell viability assays alone. A combination of reliable cell toxicity tests, for 
instance WST-1 or XTT (based on metabolic activity) conducted in a phenol red and 
serum-free medium in conjunction with microscopy characterization, could allow us to 
develop reliable in vitro toxicity trials, and so develop a deeper understanding regarding 
how cytotoxic CNTs are and what is the cytotoxicity mechanism.
2.4 Conclusions
In summary, CNTs have many outstanding and useful biomedical applications. 
For CNT nanocomposites for cell uptake, the alteration of physical properties of CNTs 
together with proper functionalization methods are able to overcome some toxicity 
related problems reported in the literature. CNTs should be at the proper size, free of 
metal catalysts and defects, and functionalized appropriately according to the intended 
biological end goals. In terms of tissue engineering application, the prospects for CNTs 
either as novel in vitro growth substrates or as prosthetic implants remain promising. 
However, safe-handling and appropriate CNT modification is required to fully exploit 
CNTs. Our knowledge regarding the toxicity of CNTs in vitro is insufficient, so more 
thorough studies are needed in order to fully evaluate the toxicity effect of CNTs.
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Chapter 3: Materials, Methods and Principles of 
Instrumentation
3.1 Introduction
A number of materials, methods and instrumentations will be employed 
repeatedly throughout this thesis. These will be described and discussed within this 
chapter. There are many techniques used for characterising cell-nanomaterial interaetion 
e.g., Raman spectroscopy, UV-Vis spectrophotometry, confocal fluorescence 
spectroscopy, and scanning electron microscopy. This section will provide a concise 
background for my work with these techniques.
3.2 Materials
3.2.1 Common reagents and/or materials
Nunc-brand tissue culture flask (T25 and T75), multi-well plate (6-well or 96- 
well), and petri dishes were obtained from Thermo Fisher Scientific (Leicestershire, 
UK). However, p-dishes were purchased from Thistle Seientific (Glasgow, UK).
Universal cell culture reagents sueh as Dulbecco's modified Eagle medium 
(DMEM), Nutrient Mixture F-12 (HAM) medium, Dulbeeco’s phosphate-buffered saline 
(PBS) Ix, Dulbecco's PBS (without Ca++, without Mg++), Dulbecco's PBS (with Ca++, 
with Mg++), Fetal bovine serum (FBS), L- Glutamine, Hank's balaneed salt solution 
HBSS (without Ca++, without Mg++), Hank's balanced salt solution (HBSS) (with 
Ca-H-, with Mg++), non essential amino acid lOOx (NEAA), Penicillin/Streptomycin 
(Pen-Strep) solution, Trypsin-ethylene diamine tetraacetie acid (trypsin/EDTA),
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organelles staining reagents and Trypan blue solution (0.4%) were obtained from 
Invitrogen Life Teehnologies (Paisley, UK). Nueleus staining, DRAQ5 was ordered 
from Biostatus Limited (Leieestershire, UK). Dow Coming PDMS kit Sylgard 184 was 
obtained from Famell (Leeds, UK). XTT cytotoxicity assay kits were purchased from 
Roche (East Sussex, UK). CellTiter-Glo® lumineseent cell viability and Cytoehrome 
P450-Glo™ assays (CYP1A2 and CYP3A4 (Luciferin-PPXE)) were purchased from 
Promega (Southampton, UK). Unless otherwise noted, all other reagents were purchased 
from Sigma-Aldrich (Dorset, UK).
3.3 Methods
3.3.1 Cell Culture Maintenance
3.3.1 (a) Chinese Hamster Ovary Cells
The Chinese Hamster Ovary (CHO) eells (Cat No: 85050302) with epithelial 
morphology was purehased from European Colleetion of Cell Cultures (ECACC). This 
cell line has a population doubling time (PDT) of between 14 and 17 hours. This cell 
type was chosen due to it being long established, and their PDT allows rapid 
experiments. This adherent cell line was maintained in complete F-12 Ham’s medium.
The F-12 Ham’s medium was supplemented with 10% (v/v) foetal bovine semm 
(FBS) and used to maintain the CHO cell line. In addition to 10 % FBS, 1% (v/v) of 
antibiotics (penicillin-streptomycin and L-glutamine) were added as a prophylaetic 
measure against baeterial infection, to make complete F-12 Ham’s medium. Cells were 
routinely sub-eultured when at 80-90 % confluence. Protocols established by ECACC 
for the culture and passage of CHO cells (ECACC) were followed.^
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Resuscitate cells from frozen
The complete culture medium was pre-warmed in the water bath at 37 °C. Cells 
in the vials were quickly thawed by gentle agitation in the water bath while holding the 
lid. Cells were then poured into 10-20 mL of pre-warmed media followed by a spin 
down at 500 g  for 3-5 minutes in the cell lab centrifuge. Supernatant was removed and a 
pellet of cells was resuspended in 10 mL complete medium and added in to a T25 flask. 
The next day, the cells were checked to see if they have attached. Then the medium is 
removed and replaced with fresh pre-warmed complete medium to remove final traces 
of DMSO. Media was replaced every 2-3 days until eells reaehed 80-90 % confluenee 
then split to a T75 flask (1:3 split).
Sub-culture and growing cells
For splitting or sub-culturing cells, the first step was to get a eell suspension with 
minimal cell clustering. To do this, culture media was firstly removed by aspiration. 
Next, cells were washed ( 3 x 1  minute wash with 5 mL calcium and magnesium free 
Dulbecco’s PBS (without Ca-H-, without Mg-H-) and trypsinized with trypsin EDTA to 
detach the cells from the bottom of the flask (3 mL for 3 minutes at 37 °C with 0.05% 
trypsin EDTA). Then, the flask was gently tapped to make sure that eells had perfectly 
detached. Cells were cheeked microscopically to make sure that the cells start to round 
up.
Complete medium was then added to inaetivate the proteolytic enzyme. The 
suspension was transferred to a centrifuge tube and the trypsin solution was removed via 
centrifugation (3 minutes at 500 g). Complete medium (10 mL) was added to the pellet, 
and then the pellet of cells was dispersed gently by pipetting up and down a few times.
6 1
Cells were then transferred to the new flask or dish for seeding at the desired cell 
coneentration. The amount of cell solution added to the new flask depends on the split 
ratio required. An aliquot (10 pL) of eell suspension was removed for cell eounting. 
This cell line was sub-cultured every 24-36 hours at a sub-cultivation ratio of 1:6 to 1:10 
due to its rapid growth. Each split or sub-culture represents one passage.
Freezing cells
Cells for freezing should be growing well or known to be in the log phase (80% 
confluent). Cells were firstly detaehed from flask as for sub-eulture. They were then 
resuspended in 10 mL medium and transferred to a falcon tube. Cells were firstly 
counted and then spun down at 500 g  for 5 minutes to create a pellet of eells. 
Supernatant medium was decanted and pellet was gently tapped. The pellet was 
resuspended in the fi*eezing medium so that the concentration of cells is approximately 
1-2 X  10  ^cells per mL of freezing medium.
The freezing medium consists of 10% dimethyl sulfoxide (DMSO) and 90% 
complete culture medium. Then, 1 mL of eells was transferred to appropriately labelled 
cryovials and maintained on ice for about 30 minutes. Vials later on were transferred to 
the NALGENE Cryo 1 °C freezing eontainer with alcohol and placed in -80 °C freezer 
for 24 hours to fireeze slowly at ~ 1 °C/ min. Vials ean be kept in a -80 °C fi*eezer or in 
liquid nitrogen for short and long term storage, respectively. Each time when frozen 
cells were used the cell viability was checked and the viability should be over 90%.
3.3.1 (b) Huh7 Cells
The human hepatoma (Huh7) eells were provided by Dr. Nick Plant. The cells 
were cultured and maintained in complete DMEM medium. DMEM medium was
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supplemented with 10% FBS, 1% (v/v) of antibiotics solution (penicillin-streptomycin 
and L-glutamine) and 1% (v/v) non essential amino aeids.
Cells grown to nearly 90% confluence were sub-cultured. Cells were washed, 
trypsinized, and resuspended in complete culture media as explained in the previous 
section. Huh7 cells were passaged every 48-72 hours at a split ratio of 1:3 to 1:10. For 
experiments, only Huh7 between passages 1 and 20 were used.
Huh7 were also preserved by freezing them in a freezing medium containing 
10% DMSO and 90% FBS, and kept in either the -80 °C freezer or in liquid nitrogen. 
Each time when frozen cells were used the cell viability was also checked and the 
viability should be over 90%.
3.3.1 (c) Primary Rat Hepatocytes
The plateable, cryopreserved primary rat hepatocytes (from male Sprague- 
Dawley rats. Lot No: Rs619 and Rs660) were purchased from Invitrogen (Paisley, UK). 
This primary cell line was maintained in complete DMEM medium supplemented with 
10% FBS, 1% (v/v) of antibiotics solution (penicillin-streptomycin and L-glutamine) 
and 1% (v/v) non-essential amino aeids. The ampoules containing cryopreserved rat 
hepatocytes were firstly thawed quickly (less than 2 minutes) in the 37 °C water bath 
and thawed hepatocyte suspension was gently poured into centrifuge eonical tube 
containing pre-warmed DMEM media, and then centrifuged for 3 minutes at 50 g. The 
supernatant was then poured off and fresh DMEM medium was added into the 
centrifuge conical tube and the tube was inverted completely a few times to resuspend 
the pellet. Cells were firstly checked for viability (70 to 90% viable) prior to seeding at 
the desired density.
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3.3.1 (d) Counting cells using a haemocytometer
Cell count and cell viability were determined using the trypan blue exclusion 
method. The cell suspension was mixed with trypan blue dye (1:1 ratio) for a few 
minutes before loading into the haemocytometer chamber. Stained and unstained cells 
were counted. Cell counting was performed using a device called a haemocytometer; in 
particular a Neubauer counting chamber (Figure 3.1 (A)). This device is made up from a 
thick glass microscope slide, and a rectangular chamber etched with a grid of 
perpendicular lines. Numbers of cells in a specific volume of fluid can be easily counted 
using the lines and then the concentration of the cells in the medium can be calculated 
easily.
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Figure 3.1 Haemocytometer (A) chamber and (B) grid showing cell counting area."
The cells can be counted directly by placing them in the haemocytometer, 
covering a coverslip, and then placing under an inverted microscope. When the 
coverslip placed over the chamber is in the correct position, the interference Newton’s
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ring (rainbow-like appearance) can be seen under the coverslip.^ A sterile Pasteur pipette 
was used to placed a small aliquot of cell suspension (after trypsin treatment (usually ~ 
8-1 OpL)) under the coverslip, in the central space above the grid. Only cells in the 
middle square (25 boxes), and on the top or the left edges touching the middle line are 
counted (Figure 3.1 (B)). Each square, with the coverslip in place represents a volume of
0.1 mm^ or 10'"^  cm  ^ and since 1 cm  ^ is equivalent to 1 mL, so the total number of cells 
can simply calculate as follows:
Cells per mL = the average count per square x 10"^  x dilution factor (usually 2 
due to 1:1 dilution with trypan blue solution). Concentrated cell suspensions were 
ftirther diluted with plating medium to achieve the desired seeding concentration.
3.4 Techniques and Principles of Instrumentation
3.4.1 Raman Spectroscopy
Raman spectroscopy is a spectroscopic technique employed normally to study 
the vibrational and rotational modes of molecules. Raman scattering was discovered in 
1928 by C.V. Raman, an Indian physicist. However, the theory behind Raman scattering 
was pioneered and developed a few years later by George Placzek."  ^When incident light 
interacts with matter, photons will undergo transmission, absorption, reflection or 
scattering. At the molecular level, photons usually interact with matter through two 
major processes, namely absorption and scattering. Scattering process can be either 
elastic scattering where both the incident photons and scattered photons have the same 
energy, or inelastic scattering where photons can lose or gain energy due to changes in 
the vibrational, rotational and electronic energy in a molecule during the scattering. 
Among those energy changes in inelastic scattering the most prominent are the
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transitions between vibrational energy levels. Elastic scattering is also known as 
Rayleigh scattering and inelastic scattering usually called Raman scattering.^ In quantum 
terms, the scattering is explained as an excitation of molecule into a virtual state, having 
a higher energy. After the excitation, the excited molecules return to the ground 
electronic state, but may not return to the original vibrational level.
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Figure 3.2 The energy level diagram showing electronic transitions in Rayleigh and 
Raman scattering: h is Planck’s constant, vo is the incident frequency, Vvib is frequency of 
the vibration causing a change in polarizability, and Vscattered is the scattered frequency.^
The Raman shift refers to the frequency shift due to the energy difference 
between the incident and scattered photon. Raman scattering can be classified into two 
types: Stokes and anti-Stokes. Stokes Raman scattering is scattering process where the 
energy of the scattered photon is slightly lower than that of the incident one, while anti- 
Stokes Raman scattering it scattering where the energy of the scattered photon is slightly 
higher than that of the incident one.
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Figure 3.3 Diagram showing a schematic of a Raman spectrometer. Raman scattering 
occurs when the incident photons eause some change in a molecule’s polarizability, and 
excites the molecule to a virtual electronic state.^
Raman spectroscopy is a spectroscopic technique that measures both the 
intensity and wavelength of the inelastic scattered light. A Raman spectrum is a plot of 
the intensity of scattered photons versus the Raman shift, for a specific incident 
wavelength of light (see Figure 3.4). In fact, due to different materials having different 
vibrational modes, the Raman spectrum will vary from one material to another material. 
This makes Raman spectroscopy a very practical technique for molecular recognition 
and hence, analysis of Raman spectra potentially allows for identification of the material 
as well as studying the structure of the material of interest. Raman spectroscopy is a
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powerful technique for several reasons. It is good for biological samples with easy 
sample preparation and enables rapid, non-destructive measurements with high chemical 
specificity and sensitivity to small structural changes.^ Other advantages include high 
resolution imaging and the ability to study a variety of samples ranging from solid, 
liquid to gas samples.
Raman Spectroscopy of Carbon Nanotubes
Raman scattering of carbon nanotubes (CNTs) is very useful, especially in 
characterizing single-walled carbon nanotubes (SWNTs) due to the direct correlation 
between the observed frequency shift and both phonons and electronic processes in the 
SWNT. There are other methods that can be used to characterize the structure and 
properties of carbon nanotubes (CNTs) either in the form of single tubes or bundles. 
Raman spectroscopy is a powerful tool to study the vibrational properties and electronic 
structure of CNTs and is a popular technique for determining the diameter and chirality 
distribution, population of specific species {n,m) in a sample, purity, doping (adding of 
impurities), functionalization, architecture of CNTs, as well as temperature, pressure and 
strain effects.^
CNTs yield high Raman intensities due to the enhancement of molecular 
polarizability arising from an extensive electron delocalization over the surface of the 
tubes. The significant Raman peaks for SWNTs consist of radial breathing modes 
(RBM) at low frequency (150-400 cm'^), and a disorder induced mode, D band (1280- 
1400 cm'^), a graphite-like plane mode, G band (1500-1605 cm'^) and an overtone of the 
D band, G’ (2500-2900 cm'^) modes at higher frequency. The RBM mode is only found 
in carbon nanotubes while the D, G, and G’ modes are found both in carbon nanotubes 
and graphites.
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Figure 3.4 Raman spectra of SWNT powder dispersed in chloroform and spin cast onto 
a glass coverslip. The sample was excited using a red laser with wavelength of 633 nm.
The RBM refers to the lattice vibration of earbon atoms in the radial direction (to 
the axis of the tube), and this mode indicates the presence of nanotubes in a sample since 
this mode is only present in carbon nanotubes and not in other graphitic forms. The 
RBM frequency, c o r b m ,  is inversely proportional to the diameter of earbon nanotube
CO R B M  = A/dt
for an isolated nanotube. Here A is a constant and dt is the diameter of the tubes. This 
mode also can be used to characterize bundled SWNTs by applying the relation
CO RBM= A/dt +B
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where A is a constant and B is an upshift arising from tube-tube interaction. Several 
researchers have found different values of A and B. In the literature, values of A and B 
for free-standing nanotubes (A= 204 cm~\ B= 27 cm~^) and dispersed nanotubes in 
solution (A= 218 cm "\ B= 16 cm~^) have been reported.
The D mode, which is also known as the disorder induced mode, results from the 
conversion of sp  ^hybridised carbon to sp  ^hybridised. The existence of this mode is due 
to a defect which breaks the fundamental symmetry in the graphene sheet. Defects can 
be either structural defects like pentagon-heptagon pairs and kinks, impurities or the 
finite length of the tube.^ "^
The G or graphite-like band is an intrinsic property of carbon nanotubes, and is 
related to vibrations in sp  ^ hybridized carbon atoms. The band is in the region 1500- 
1605 cm"\ At around 1590 cm '\ the G band is very intense, see Figure 3.4, and this is 
related to the strain in the tubes. There are two components in the G band domain 
termed G' and G^ where G corresponds to the vibration of carbon atoms along the 
circumferential direction and G^ is sensitive to charge transfer. For example in metallic 
nanotubes G^ and G' occur at 1587 cm'^ and 1550 cm"\ while in semiconducting ones 
they occur at 1592 cm'^ and 1570 cm"^  respectively. Also an overtone of the D band 
termed G’ band is observed at around 2600 cm'V^
3.4.2 Fluorescence Microscopy
Fluorescence microscopy is a type of microscopy which required samples to be 
labelled with a fluorescent dye. The principle behind fluorescence microscopy can be 
explained using Figure 3.5. In this figure the light source is used to illuminate a sample
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containing fluorescence dye (fluorophore). The result is a bright image viewed against a 
dark background.
Eyepiece
Emission filter
Diehroic mirror
Light source Exeitation filter
Objective
Fluorescent labelled cell
Exciting light 
Emission light
Figure 3.5 Schematic of a standard fluorescence microscopy setup showing the light 
path and the main components. Blue light (blue arrow) illuminates a sample labelled 
with a fluoreseent molecule that binds to certain part of a eell, e.g., actin filaments. On 
illumination, the fluorophores emit green light (green arrow).
3.4.3 Confocal Laser Scanning Microscopy
In contrast to conventional fluoreseenee mieroseopy, confoeal laser seanning 
fluoreseenee mieroseopy (CLSM) minimizes the light detected that comes from outside
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of the focal plane of the microscope thus imaging a slice of the sample in the focal 
plane, only. In CLSM, samples are illuminated by a laser. The fluorescence emitted 
from the samples is eollected by the objective lens and then the light is directed through 
a pinhole located in front of the deteetor. The thickness of the foeal plane is determined 
by the diameter of the pinhole. The pinhole in the confocal systems functions to 
eliminate light that does not originate from the focal plane. The smaller the pinhole 
diameter indieates the thinner the foeal plane and hence the higher the resolution of the 
image along the optical axis.
Illuminating/pinhole aperture
Laser
Objective lens
Photomultiplier tube
Confocal aperture
Dichroic mirror
Focal plane
in- focus rays 
out-of-focus rays
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Figure 3.6 A schematic diagram of a confocal laser scanning microscope. Laser light is 
transmitted through the illuminating pinhole and an objeetive lens to produce a small 
focal volume at the sample. Then the emitted, scattered and refleeted light from the 
sample surface passes through the objective lens onto a dichroic mirror which directs the 
light to the detector, a photomultiplier tube. Just before striking the detector, the light 
must pass through a confocal aperture, which acts to eliminate the out of focus light 
originating from above and below the focal plane.
Confocal images are generated by scanning the sample with a laser, pixel by 
pixel in the x and y directions. The light is collected using a photomultiplier tube (PMT). 
When performing multiple labelling experiments, the data are collected separately and 
assigned to different colours at different wavelengths. The separate or merged images 
then can be displayed or exported into a file for further analysis. With CLSM, it is also 
possible to perform scanning in different optical planes and acquire what is known as a 
Z-stack.^ In the case of Z-staek, a focal plane at the bottom of the image is chosen as a 
setting before recording the image. The stage is then moved up to the specified distance, 
resulting in images taken at a series of heights. As a result, a set of images of different 
foeal planes with different intervals are acquired and these images can be used to 
eonstruct three dimensional images, or stored and viewed in sequenee.
3.4.4 Scanning Electron Microscope (SEM)
The Hitachi S4000 SEM was used for the experiments here. This high resolution 
microscope is equipped with a cold cathode field emission electron source (FESEM). 
This SEM also has a solid state backscattered eleetron detector for atomic contrast 
imaging. SEM images using electrons instead of light waves, so the final images are 
grey scale.
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Figure 3.7 A schematic representation of the scanning electron microscopy.
Besides secondary electrons, other emission signals arise following interaction 
between electrons with sample surface of SEM samples. These signals emanating from 
sample’s surface includes Auger electrons, back-scattered electrons, characteristic X- 
rays, and continuum X-rays.'^ Each of these detectable signals contains lots of 
information, which can be detected with selected detectors. For examples, the Energy 
Dispersive X-ray analysis (EDX) is a technique that employs the characteristic X-ray for 
identifying qualitatively and quantitatively the elemental composition analysis of the 
material.
Performing SEM on cells required the samples to be dried in a special manner in 
order to preserve them as close as possible to their native state and preventing them from 
shrinking. To achieve this, cells were first fixed with glutaraldehyde followed by
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dehydration in a series of ethanol solutions. The SEM images are generated when 
secondary electrons are knocked loose from the surface of the scanned samples 
following the collision with electrons from the electron gun.
Another important prerequisite for SEM samples is to have the sample made 
conductive. So, to make biological samples conductive, samples are coated with a thin 
layer of gold using a sputter coater. Then, on the scanning sample the emitted secondary 
electrons are collected by the detector, and sent as signals to the amplifier. Then the 
information is analysed and converted to an image.
3.4.5 Atomic Force Microscopy
The general principles of how an atomic force micrscope (AFM) works is shown 
in Figure 3.8. An AFM is a type of Scanning Probe Microscope (SPM), and under 
suitable conditions it can image a surface with nanometer or even higher resolution. It 
works by bringing an extremely sharp tip near to or into contact with a surface, and then 
images a surface by sensing the interaction between the sharp tip and the surface. Thus 
its resolution is essentially limited by the sharpness of the tip, not the wavelength of 
light as it is in optical microscopy. The AFM was developed by Binnig and Rohrer, 
more than 20 years ago. The AFM used here is from the NT-MDT company.
AFM’s main advantage here is its extremely high spatial resolution. In AFM 
systems, the key element is the cantilever. AFM cantilevers typically made-up from 
either silicon or silicon nitride and at the end of the cantilever there is a sharp tip. The 
vertical resolution that can be reached using AFM is up to about 0.1 nm while the 
horizontal resolution tends to be quite low - 3 0  nm due to the curvature of the tips used.
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The AFM working principle is based on the deflection of the cantilever due to 
the repulsive forces occurs between atoms on the sample surface and atoms at the tip. 
The sharp tip mounted on the cantilever is scanned across the sample’s surface and the 
interaction between the tip and the sample will cause the deflection of the cantilever. 
During the scanning process the deflection is measured by the laser beam. A 
piezoelectric translator allows scanning to be performed in x, y and z direction and this 
x-y-z translation is controlled by computer. The recorded translation and reflected laser 
beam signal are then used to reconstruct the data into a topographic picture (three 
dimensional images) of the sample using dedicated software.
Photodiode
Laser source
Detector
Feedback electronic
Surface
iXYZ  scanner
Cantilever and Tip
Figure 3.8 A diagram showing fundamental operations and basic components in an 
atomic force microscopy.
Imaging with an AFM can be performed in different modes of operation: contact 
mode, non-contact mode, intermittent contact mode (tapping mode), lateral force mode.
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magnetic force mode and thermal scanning mode. Tapping mode AFM is usually used 
because this mode of operation allows the visualization of fragile and delicate surface 
structure, such as fragile crystals,'^ living biological samples ,o r  molecular processes.
3.4.6 Spectrophotometry
Spectrophotometry is an analytical tool used to measure the absorption of a beam 
of UV or visible light by molecules when passing through a sample. This type of 
spectroscopy offers non-destructive, selective and rapid measurements. Different 
molecules absorb light at different wavelengths and the molecules which absorb light 
are called chromophores. This type of absorption spectrophotometer works by 
monitoring the transmitted intensity of radiation through a sample relative to the 
transmitted intensity through a blank reference sample.^ The light intensity attenuates 
when passing through the samples containing chromophores due to absorption.
Solution at concentration, c
l o
Figure 3.9 Schematic shows a beam of monochromatic radiation of initial light intensity 
lo, passing through a sample solution at a concentration c. The light leaving the sample 
has a light intensity I.
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The decrease in light intensity Iq - /, see Figure 3.9, is due to absorption in the 
solution. Two important terms that are related to the ratio of Iq and I  are defined: 
Transmittance (T) and Absorbance (A). The transmittance (T) is the fraction of incident 
radiation transmitted by the medium. The absorbance can be written as function of 
transmittance (T) and intensity as below:
^  =  lo g (^ )  =  l o g ^
The amount of light absorbed as the light passes through the sample depends on 
the nature and the concentration of chromophores, the thickness of the sample, as well 
as the conditions where the measurement is taken. The absorption obeys the Beer- 
Lambert law which can be defined as:
/ =  Iq  iO  or log  (I /  I q)  ~  —sic
where /  = transmitted intensity, Iq = incident light intensity, c = concentration of the 
absorbing species, / = the path length of light through the sample, and s = the intrinsic 
molar extinction coefficient of the sample. So, absorption (A) can also be defined by:
A =  so l
According to the Beer-Lambert law, the absorbance of a solution is proportional 
to the concentration of the absorbing species in the solution, and to the path length. 
The molar absorptivity or extinction coefficient (s) is constant for each species and 
wavelength.
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Figure 3.10 A dual-beam spectrophotometer measures the transmittance of the sample 
and reference simultaneously by splitting a single beam of light into two halves. 
Monochromatic light produced by spectrophotometer passes through the sample and 
then the light intensity is measured by a photomultiplier, and converted to absorbance 
value.
The major components of a spectrophotometer are a light source (deuterium 
lamp for UV range and tungsten lamp for visible range), dispersion element (prism, 
grating monochromator), sample holder (cuvette, 96-well plate), a light detector 
(photomultiplier tubes), a meter and a data acquisition system.
79
3.4.7 Luminometry
Luminometry is a technique used to measure luminescence: the production of 
light by a sample due to a chemical or biochemical reaction. The process of light 
formation arises due to a chemical reaction is also known as chemiluminescence.^ 
Chemiluminescence occurs when two chemical species react to form an excited 
intermediate, which then relaxes to the ground state by releasing its energy as photons. 
Bioluminescence is a phenomenon where chemiluminescence occurs in living 
organisms. In this process the light emission occurs due to a biochemical reaction, for 
example those catalysed by the enzyme luciferase.^^ The light or photons emitted by the 
reaction are measured by a luminometer. See Figure 3.11 for a schematic of a 
luminometer.
Syringe
Cuvette or
mixing
chamber
Amplifier Readout/recorder
Photomultiplier tube
Figure 3.11 Diagram showing the main components of a simple luminescence plate 
reader.
A luminometer or luminescence plate reader is a simple optical instrument. This 
instrument does not require a light source or monochromator as the source of excitation 
energy is not an electromagnetic radiation. Typically, a simple luminometer consists of a
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light reading compartment, photomultiplier tube (PMT) detector for collecting the light 
emitted by the samples, and an amplifier to amplify the output signals before recording.^ 
Common applications of luminometers include measuring cytochrome P450 (CYP450) 
enzyme activity, cell viability, as well as for cytotoxicity assays based on the 
luminescent detection of ATP.
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Chapter 4: In vitro Assessment of Cellular Uptake, 
Intracellular Localization, and Evaluation of 
Cytotoxicity of Single-Wall Carbon Nanotubes
There is a vigorous and growing research effort developing carbon nanotubes 
(CNTs) for medical applications. It is now known that nanocomposites of single wall 
nanotubes (SWNTs) can be used to deliver drugs to cells. ^  Also, SWNTs have been 
shown to be efficient at converting near infrared (NIR) light to heat, and can do so in a 
cell, and so cancer cells can be targeted for destruction by NIR radiation, once the cells 
have taken up SWNTs. SWNTs are highly insoluble in water but can be functionalised 
via physical or covalent attachment of solubilising molecules. Once this is done, they are 
readily taken up by cells.^
We found evidence that our CNT nanocomposites were found to enter cells via 
endocytosis (the mechanism cells use to take up nutrients); this agrees with earlier work 
by Kam and coworkers.^’^  Herein, we perform a systematic study of the internalization, 
subcellular localization and possible adverse effects of SWNTs dispersed in culture 
media and SWNTs wrapped with different fluorescently labelled peptide (FLP-SWNTs) 
on Chinese Hamster Ovary (CHO) cells.
This study focuses mainly on engineering CNT-based nanocomposites, using 
peptides that fold up into alpha helices and physisorb onto the SWNTs, solubilising 
them. The resulting nanocomposites are taken up by CHO cells. We image the 
distribution, localization and dynamics both of SWNTs and of fluorescently-tagged- 
peptide-wrapped SWNTs. This is inside cells, and we use spatially resolved Raman 
spectroscopy and confocal fluorescence microscopy. A Raman spectrometer was also
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used to quantify SWNT uptake. Atomic Force Microscopy (AFM) was applied to image 
the topography of fixed cells, following incubation of the cells with the nanotubes, and 
confocal microscopy was employed to further confirm the internalization, localization 
and trafficking of SWNTs inside cells.
Results on the internalization, localization, distribution and dynamics of the 
SWNTs and peptides inside the cells are presented. The distribution inside a cell is 
crucial for drug delivery as delivering a drug to a cell is not enough. The drug must be 
able to reach its target in the cell, e.g., the nucleus in the case of anti-cancer drugs that 
need to bind directly to the DNA.
4.1 Introduction
CNTs are a class of carbon nanomaterials that exhibit unique intrinsic properties 
such as optical, mechanical and electronic properties. Many investigations have focused 
on applying CNTs for biological applications, in particular for drug delivery and to 
make scaffolds for tissue engineering. Applications of CNTs in the field of drug 
delivery, gene delivery, and intracellular transporters are due in part to its high 
propensity to be taken up by mammalian cells. The uptake of small molecules, large 
proteins and amino acids can be greatly increased by using carbon nanotubes.
Studies conducted by a few researchers revealed that functionalized CNTs are 
capable of crossing cell membrane either via penetration through plasma membrane as 
proposed by Pantarotto et al.  ^ or via endocytosis as demonstrated by Kam et al.^ with 
higher efficiency rather than pure CNTs. Investigations by Cui et al.  ^ and Tian et al.  ^
found that pure CNTs (non-modified CNTs) did not efficiently enter human embryonic 
kidney epithelial (HEK 293) cells, human fibroblast cells and stem cells. Evidence
85
showed that modifying CNTs’ surface by simply attaching biomolecules such as DNA, 
proteins, peptides, oligonucleotides, nucleic acids, and siRNAs, increased the efficiency 
in entering cells ranging from primary cells to tumour and stem cells.
Currently, the pathways by which CNTs enter cells, their localization inside cells 
and their fate after internalization are key questions and a controversial topic. Different 
routes of the uptake mechanisms for CNTs entering cells have been proposed by 
researchers, but until now there is not a complete consensus. The first study of the 
uptake mechanism of CNTs was carried out by Pantarotto and his colleagues.^ They 
observed the uptake of water soluble, amino functionalized SWNTs with a covalently 
conjugated fluorescent dye (FITC), or a peptide (from the a subunit (Ug) of the Gg 
protein), in human (3T6) and murine (3T3) fibroblasts, kératinocytes and HeLa cell 
lines. Both conjugates were internalized by these cell lines, however their site of 
accumulation tended to differ. Peptide-SWNTs were found to accumulate mainly in the 
nucleus while directly labelled SWNTs localized in the cytoplasm of cells. The uptake 
was not influenced by the changes in temperature (37 °C or 4 °C) or by adding the 
endocytosis inhibitor, sodium azide. These results suggested that CNT’s uptake 
mechanism to be an energy-independent non-endocytotic pathway, where uptake may 
occur either via insertion or penetration through the plasma membrane.
In later work, Kam et al.  ^ presented a review of various potential biomedical 
applications of CNTs as a delivery system for biological molecules such as DNA or 
siRNA. The mechanism of cellular internalization for SWNTs entering mammalian cells 
was claimed to be via clathrin-mediated endocytosis.^ Results show no uptake observed 
in samples where clathrin-mediated endocytosis is blocked while there was uptake for 
samples where caveolae were blocked. In addition, the uptake by cells was found to be
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hindered at lower temperature (4 °C) and by the depletion of ATP (cells were pre-treated 
with sodium azide). SWNTs internalized inside mammalian cells show signs of 
colocalization with red endosome marker, FM 4-64. These data suggested that CNTs 
enter cells via the energy-dependent endocytosis process.
Mammalian cells are usually cultured in complete cell culture medium: cell 
culture solution (e.g., RPMI 1640, F-12 Ham Media, and DMEM) plus some percentage 
of fetal bovine serum (FBS). Serum in cell media consists of a number of proteins that 
will adsorb to the nanotube surface. Proteins adsorbed on nanomaterial surfaces will 
influence the pathway-specific uptake and in the presence of surfactant there is a 
potential for skewing the uptake pathways due to the resulting alteration in protein 
adsorption.^ Cells themselves produce many proteins that will also tend to coat any 
foreign material including CNTs. This will of course occur even in a system without 
serum.
In case of the internalization and distribution of CNTs within cells in vitro, there 
are several factors that need to be considered as they may influence both the uptake 
process and the accumulation site. The factors that may affect uptake are the physical 
properties (size, shape or geometry, and length distribution) and chemical properties 
(type, quality, and metal impurities) of the nanomaterials. In addition, concentration and 
exposure time also affecting the uptake and accumulation of nanomaterials in cells in 
vitro. The details on how these factors affect cellular uptake, localization and cellular 
toxicity were addressed in detail in Chapter 2. Different cell types may also have 
different uptake behaviours, although of course all active cells require endocytosis.
Tailoring the nanomaterial surface by simply functionalizing them covalently or 
non-covalently is currently being explored by a number of researchers. Recently, there is
87
an abundance of literature demonstrating that CNTs functionalized with various 
biological molecules such as lipids, peptide, protein, enzymes and broad range of 
fluorescence dyes were successfully taken up by the cells. CNTs dispersed using natural 
polymers such as DNA or amphiphilic peptides have been extensively pursued.
Zorbas et al. have studied the interactions of an amphiphilic helical peptide 
sequence termed Nano-1 with SWNTs. Later work by Chin et al. functionalized 
SWNTs with Nano-1 and found that the intracellular uptake of SWNTs by human 
epithelial-like HeLa cells was enhanced 6-fold in comparison to SWNTs dispersed in 
growth media alone. It is clear then that adsorption and interactions of the Nano-1 
peptide and its derivatives with SWNTs have consequential effects upon cellular 
internalization.
Here mechanism of cellular uptake and distribution of SWNTs dispersed just in 
culture media or with fluorescently tagged peptide solutions in CHO cells are described. 
In addition, we also performed cytotoxicity assays by studying the viability of CHO 
cells when exposed to different nanocomposite solutions of SWNTs for different 
exposure time.
4.2 Experimental Methods
4.2.1 Single Wailed Carbon Nanotubes (SWNTs)
Purified Single Walled Carbon Nanotubes (SWNTs) were purchased from 
Unidym Inc. (Menlo Park, CA). These nanotubes are produced by the high-pressure 
carbon monoxide (HiPco) process, and have an average length less than 5 microns. 
The nanotube diameter and length are approximately 0.8-1.2 nm and 100-1000 nm.
respectively.’^  From TGA analysis provided by Unidym, the purity is about 85% with 
15% being associated with catalyst impurities, mainly iron (Fe). This type of SWNTs is 
short, thin, flexible, and with a high degree of entanglement. Before use, SWNTs made 
through the HiPco process were firstly annealed overnight at 100 °C to remove any 
residual solvent used in the synthesis and processing conditions at Unidym.
'k
Figure 4.1 Characterization of purified Unidym SWNTs. TEM image (A) clearly 
showing the present of catalyst (dark, black dots in the image) and the SEM image (B) 
shows the entanglement of SWNTs. Images are taken from Unidym’s data sheet.
4.2.2 Fluorescently Labelled Peptides (FLP)
Three types of Nano-1 peptide family with different numbers of phenylalanine 
residues were purchased from the Stanford PAN Facility. They have been made with 0, 
4, or 8 phenylalanine amino acids and are referred to within this thesis as OF, 4F, or 8F, 
respectively. The purity of these three peptides is about 90%. The sequences of the OF, 
4F, or 8F peptides used in this study are as follow:
OF: Ac-E VEALEKK VAALESK VQALEKK KEALEHG-CONH2 
4F: Ac-E VEAFEKK VAAFESK VQAFEKK VEAFEHG-CONH2
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8F: Ac- E FEAFEKK FAAFESK FQAFEKK FEAFEHG-CONH2
Ac and CONH2 refers to the N and C termini, respectively. These types of 
peptide were used in the internalization study because of its design which became 
amphiphilic when folded into a complex structural alpha helix.’’ This amphiphilic 
design permits for strong interaction with the nanotube surfaces (hydrophobic stripe 
along one side of the helix) and for solubilisation in water (hydrophilic parts of the 
helix). Each peptide also has a fluorescently labelled analogue with a fluorophore 
fluorescein isothiocyanate (FITC) attached to the lysine residue (K8) in the peptide’s 
primary sequences to aid with investigations concerning intracellular location and 
cellular internalization.
4.2.3 SWNTs in cell growth media dispersions
HiPCO SWNTs were dispersed in complete cell culture medium: 
F-12 Ham media supplemented with 10% foetal bovine serum (FBS). Then the mixture 
was vortexed and exposed to tip sonication for about 30 minutes followed by two cycles 
of centrifijgation (90 minutes at 3000 g  each cycle) to ensure that both catalyst particles 
and large bundles of nanotubes were removed prior to introducing the solution to the 
cells. Only the supernatant was used and we call this dispersion “nanomedia”. CHO 
cells seeded on in the 6-well plates were allowed to attach overnight in complete culture 
media before being treated with nanomedia. Cells were incubated with nanomedia for 
periods as short as 30 minutes and up to a maximum of 24 hours. This was under the 
standard cell growth conditions. After incubation for different times, cells were washed, 
trypsinized, centriftiged and resuspended in cell culture media. A cell suspension in 
complete culture media was then further centrifuged (at 1000 g  for 5 minutes) to prepare 
a cell pellet from the cell suspension. Pellets of cells prepared from different incubation
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times were then dropped onto glass coverslips and allowed to attach on coverslips before 
imaging. Cells were scanned and mapped using the Raman spectra of SWNTs. In 
particular we used CNT feature in a Raman spectrum called the G-band or G-peak 
feature.
4.2.4 Functionalization of SWNTs
Annealed SWNTs were used to prepare peptide-SWNT solutions at a SWNT 
concentration of 0.0075 mg/mL and a peptide concentration of 0.01875 mg/mL (1: 2.5 
ratio of SWNTs to peptide). Both SWNTs and peptide were firstly weighed using a 
microbalance. Initial 0.01875 mg/mL peptide solutions prepared in phosphate buffered 
saline (PBS). They were stirred at 50 °C overnight in order to disaggregate the peptide 
aggregates. Peptide-SWNT dispersions were prepared in PBS, deviating from previous 
studies by which peptide-SWNTs dispersions were prepared in cell culture medium.” ’’"’
This concentration of nanotubes (0.0075 mg/mL) is used in our work because 
concentrated SWNT dispersions are unstable as a result of nanotubes aggregation. This 
ratio of SWNTs to peptide is used due to the fact that OF used at lower concentrations 
results in poor SWNT dispersion stability. Annealed SWNTs were bath sonicated in 4 
mL of the 0.01875 mg/mL peptide solution for 20 minutes. Chilled water from the 
freezer was used in order to keep the peptide-SWNT dispersion cold as high 
temperatures will destabilize the SWNTs dispersions.
The glass bottle containing the peptide-SWNTs solution was sealed with Nesco 
film, just in case the cap unscrews and the bottle falls into the bath sonicator water. The 
glass bottle was placed into the bath sonicator water to such a depth that the bottle
91
resonates with the sonication frequency to maximize the exposure of the SWNTs to the 
sonication energy.
Next, half of the remaining volume of the 0.01875 mg/mL peptide solution was 
added and bath sonicated for another 20 minutes. The remaining 0.01875 mg/mL 
peptide solution was added into the bottle and then bath sonicated for a final 20 
minutes. Bath sonicator water must be replaced with chilled water from the freezer for 
every 20 minutes cycle.
Sonication was applied to the chilled dispersion with the Branson 150 tip 
sonicator at the lowest output energy for 3 minutes. These steps were repeated until the 
dispersions were stable. Centrifugation at 3000 g  for two 30-minutes cycles followed by 
another 20 minute bath sonication cycle is an option if the prepared dispersion remained 
unstable according to visual observation.
4.2.5 Cell culture and incubation with SWNTs
Chinese Hamster Ovary (CHO) cells were cultured in F-12 Ham’s medium 
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) of antibiotics 
(penicillin/streptomycin) as a prophylactic measure against bacterial infection. Cells 
were cultured under humidified atmosphere at 37 °C with 5% CO2. A protocol 
established by ECACC for the culture of CHO cells was followed. The subculture and 
culture maintenance of CHO cells was explained in detail in section 3.3.1 (a). The 
experiments were performed on the cells having excellent viability as assessed via 
trypan blue exclusion method (viability more than 90%) and in the exponential phase of 
growth.
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Split cells were grown on either a 6-well culture plate, a 35 mm ibidi u-dish grid 
500 petri dish or a tissue culture flask T25 (growth area of 25 cm^), for 24 hours in a 
humidified atmosphere before use in an experiment. For incubating CHO cells in 
nanotube solutions, the cells were seeded at density of ~ 3 x lO"’ cells per mL for most 
experiments but for AFM imaging, a cell density of ~3 x 10  ^cells per mL were used.
The cells were washed by changing the cell culture medium, and then 500 pL of 
either peptide-SWCNT dispersion or the nanomedia was added to 2 mL of culture 
medium contained within a 6-well culture dish. The incubation of cells with nanotube 
solutions for different periods of time was carried out in a humidified atmosphere at 37 
°C with 5% CO2. Following incubation, cells were washed a few times with PBS to get 
rid of any excess of SWNTs or loosely attached SWNTs. Fresh medium was then added 
in each well prior to any assays described in details here.
4.2.6 Raman Spectroscopy
The internalization of SWNTs by CHO cells was monitored using a Raman 
spectrometer manufactured by NTEGRA-NTMDT (Russia). Raman mapping and 
individual spectra were acquired using the inverted system of the microscope 
spectrometer. The spectrometer was equipped with three different laser lines: 473 nm 
(blue), 633 nm (red) and 785 nm (NIR) as well as grating, confocal optics and a 1024 
pixels X  400 pixels charge coupled device detector (Andor CCD).
Following incubation with nanomedia for an allotted time, CHO cells were 
washed, trypsinized, centrifuged and resuspended in culture media prior to further 
centrifugation. Cells were then centrifuged at 1000 g  for 5 minutes at room temperature. 
The supernatant was subsequently decanted and PBS was then added to the resuspended
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pellet. This process was repeated a few (3 to 4) times. Finally, cells were resuspended in 
2 mL of PBS at neutral pH. Once the saline solution was poured off, the cells will form 
a clump or pellet, and will sediment to the bottom because cells are denser than the 
saline solution. The pellets of cells were then dropped and allowed to attach to the glass 
coverslip. Finally, cells were mapped using the G-band feature of the SWNTs.
Quantitative studies of SWNTs internalization within cells were performed by 
simply outputting Raman maps into a histogram format with every pixel of the map 
representing a point on the histogram. Instrument setup for the experiment is as follows: 
one second laser exposure, 50 x 50 points, and 500 nm steps over a scan area of 25pm x 
25 pm. The instrument is integrated with a motorized x-y-z sample stage for easy 
mapping with a spatial resolution in the x-y and z plane that can be as high as 200 nm 
and 500 nm, respectively. The lOOx oil objective lens with a 1.4 numerical aperture 
(NA) was used. A grating with 150 grooves mm” , a confocal aperture of 300 pm, and 
an entrance slit of 150 pm were selected. After the appropriate grating has been chosen, 
the Raman spectral range was calibrated using a known standard such as the 520.5 cm” 
peak (oxide mode) of a silicon wafer. A red laser (633 nm) with laser power of 1.5 mW 
was chosen to collect the spectra from the cells to prevent damaged by overheating.
4.2.7 Atomic Force Microscopy
AFM was employed in order to study the changes of the cellular surface 
morphology of CHO cells following exposure to nanomedia. Cells were grown on a 
glass coverslip until their monolayer reached only about 30% confluence. We work 
below confluence as imaging the surface morphology of single cell is much easier. The 
cells were then incubated with nanomedia, washed a few times with PBS and fixed with 
2.5% glutaraldehyde in PBS. Cells were washed a few times with PBS followed by
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rinsing three times with deionised water to make sure that any salts on the surface of 
cells were removed. Cells were dried under mild nitrogen flow, followed by air drying.
Finally, dried cells on coverslips were mounted on an aluminium disc on the 
AFM stage and scanned using the AFM in tapping mode. Both cell location and tip 
positioning were done using a light microscope incorporated within the AFM system. 
Images were obtained using a standard silicon nitride cantilever (NSG 10, NT-MDT) 
with spring constants and resonant frequencies in the range of 7.5 to 31 N/m and 190 to 
300 kHz, respectively. All the AFM images were captured using constant scan rate at 
frequency 1.00 Hz, scan size of 512 x 512 pixels and an imaging area ranging from 5 x 
5 pm to 50 X  50 pm. Imaging was performed in air at room temperature.
4.2.8 Confocal Laser Scanning Microscopy
The uptake and intracellular distribution of FLP-SWNTs in CHO cells were 
traced using different markers. The uptake pathway was investigated using an 
endocytosis marker, FM 4-64. For colocalization studies, cells were studied following 
subsequent exposure to different marker solutions: the endosomal marker FM 4-64, the 
lysosomal markers LysoTracker Red and LysoSensor Green, the mitochondria marker 
MitoTracker Red, and the nuclear marker DRAQ5. In addition, the effect of incubation 
with the nanotube solution on cell cytoskeleton organization was assessed using 
filamentous actin (F-actin) marker, AlexaFluor 488-phalloidin. The details of each 
staining procedure are described as follows.
Cells staining with FM  4-64 dye. The uptake pathway and colocalization with 
endosomes were examined using FM 4-64 marker. This lipophilic styryl marker was 
employed due to the fact that this dye is used widely in the studies related to the plasma
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membrane and vésiculation.” ’’  ^ This dye stains the endosomal compartments of the 
cells. According to the manufacturer, the suggested working staining concentration is 5 
pg/mL. This concentration of working solution is prepared from the 1 mg/mL dye stock 
solution. A staining solution of FM4-64 dyes was prepared in culture media or ice cold 
Hank’s Buffer Salt Solution (HBSS). Coverslips with attached cells were incubated with 
staining solution for 30 minutes up to 1 hour at either 37 °C or 4 °C and then fixed with 
4% paraformaldehyde. Coverslips were then mounted on a microscope slide and sealed 
with nail polish.
Cells staining with LysoTracker Red and LysoSensor Green dyes. The 1 mM 
stock solution was diluted to the final working concentration in the culture media or 
buffer of choice. The working concentrations recommended by the supplier for 
LysoTracker Red is at least 50-75 nM while for LysoSensor Green is at least 1 pM. The 
labelling concentration or the incubation time was increased if the cells were not 
sufficiently stained. However, the concentration of the dye must be kept as low as 
possible to avoid potential artefacts fi*om overloading. The control and treated cells were 
placed in a 6-well plate filled with appropriate culture medium. The medium was 
removed and prewarmed markers prepared in culture medium were added to each well 
and incubated at 37 °C and 5% CO2 for about 30 minutes to 2 hours before being 
replaced with fresh media, and then fixed and observed using laser scanning confocal 
microscopy.
In the case of live cell imaging, the stock solution of LysoTracker Red or 
LysoSensor Green was diluted to 100 nM and 1 pM, respectively, in complete culture 
medium. Lysosomes or acidic compartments of control and treated cells were labelled 
with both markers and incubated for 60 minutes at 37 °C and 5% CO2. After incubation.
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cells in the p grid petri dish were washed three times with serum free medium, then 
fresh medium was added and immediate imaging was done using laser scanning 
confocal microscopy with an appropriate filter system.
Cells staining with MitoTracker Red dye. The dye stock solution of 1 mM was 
prepared in DMSO. Stock solution was diluted to a working concentration of 200 nM in 
complete culture medium. Both control and treated cells were exposed to working 
staining solution and incubated at 37 °C and 5% CO2 for about 15 to 45 minutes before 
labelling solution was replaced with fresh media and imaged directly, or the cells were 
fixed, permeabilized and mounted on a glass microscope slide before being observed 
with laser scanning confocal microscopy.
Cells staining with AlexaFluor 488 conjugated to phalloidin dye. Following 
exposure to nanomedia, cells were washed with PBS, fixed with 4% paraformaldehyde 
for 20 minutes and permeabilized with 0.1% Triton-X in PBS for 5 minutes. Cells were 
then thoroughly washed with PBS and blocked in 1% bovine serum albumin (BSA) in 
PBS to avoid non-specific background staining and subsequently 200 pL phalloidin 
solution was added to each well and incubated for 30 minutes at room temperature. The 
working staining concentration of phalloidin is 0.02 pM. About 8 pL mounting medium 
was dropped on the glass microscope slide and stained cells were then mounted on the 
slide and sealed with nail varnish. Samples were than imaged with laser scanning 
confocal microscopy.
Cells staining with DRAQ5 dye. The fluorescent DNA dye, DRAQ5, was used in 
this study to counterstain the cell nuclei. Due to the rapid staining of the nucleus and its 
ease of use (as no washing step needed), this dye can be used for both fixed and live cell 
imaging. Cells were stained with DRAQ5 at a working staining concentration of 5pM
97
for 5 to 30 minutes at room temperature and usually stained at final stage in multi 
staining protocols due to the fact that the washing step can be omitted.
Imaging of stained and multi-stained samples, both fixed and live, was carried 
out using laser scanning Zeiss LSM 510 META with confocal Axioplan 200 
microscope. For multiple stains, FLP-SWNTs, LysoSensor Green (lysosomal marker), 
and AlexaFluor 488 conjugated to phalloidin (F-actin marker) were excited with the 
argon blue-green laser line of 488 nm. FM4-64 (endosomal marker), MitoTracker Red 
(mitochondrion marker), and LysoTracker Red (lysosomal marker) were excited with 
green helium- neon laser line of 543 nm. DRAQ5 (nuclei counterstain) was excited with 
red helium- neon laser line of 633 nm. The emission signals passed through the 505-550 
nm, 565-615 nm and 680 nm filters respectively.
All images were captured with either the Plan-Apochromat 40x/1.4 oil DIG or 
Plan-Apochromat 63x/1.4 oil immersion phase objective and collected in multichannel 
mode. A multi track configuration was used in order to minimize any bleed-through 
effect between different channels. Pinholes were set at 1 Airy unit (AU), which 
corresponds to the thickness of the optical slice of 0.8 pm for each excitation 
wavelength. Images were of frame size 512 by 512 pixels, scan zoom of 1 and line 
averaged four times. The detector gain, amplifier offset and laser output were adjusted to 
maximize the distribution of pixel intensities across the imaging area. Images were then 
processed using the Zeiss LSM browser.
4.2.9 Optical Microscopy
Optical microscopy was performed on control and cells treated with nanotube 
solution for different periods of time. Optical microscopy was also used to image
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samples stained with Haematoxylin and Eosin (HE). At the end of the incubation time, 
cells were washed a few times with PBS and fixed with 4% paraformaldehyde in PBS. 
Cells were then exposed to the haematoxylin solution for 30 minutes and washed under 
running tap water for a few minutes. Thereafter, cells were eounterstained with cosine 
for 20 minutes followed by washing with tap water. The cells are then ready for 
imaging. Images of cell morphology following exposure to nanotube solution were 
obtained using a phase contrast mode of the Nikon Eclipse TS 100 microscope.
4.2.10 Cellular cytotoxicity (XTT-based colorimetric) assay
At the end of each incubation period, the screening of cellular toxicity of the 
CNTs on CHO cells was tested using the XTT assay, a cell proliferation assay. This 
assay is based on the ability of live cells to reduce the colourless second generation 
tétrazolium dye, XTT (sodium 2, 3,-bis (2-methoxy-4-nitro-5-sulfophenyl)-5- 
[(phenylamino)-earbonyl]-2H-tetrazolium inner salt) to the water soluble, brightly 
orange colour compounds of formazan. XTT is a substrate for intracellular and plasma 
membrane oxidoreduetases, so its reduction can be used as an indicator of cellular 
metabolic activity. An assay was performed as followed: cells were washed twice with 
warmed culture media, and then 1000 pL of XTT reaction mixture was added to each 
well, which already contained 2000 pL of culture media. The reaction mixture consists 
of XTT reagent and activation reagent or electron coupling reagent, PMS (N-methyl 
dibenzopyrazine methyl sulfate). Cells were incubated with XTT reaction mixture for 4 
hours at 37 °C. After incubation, 150 pL of media from each well was removed and 
transferred to a 96-well plate. The absorbance was then measured by reading the assay 
plate at the test wavelength of 490 nm, and using the reference wavelength of 650 run. A
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microplate reader was used in order to read the speetrophotometrieal absorbance of the 
XTT reduction product.
4.2.11 Trypan blue exclusion assay
To determine the effects of nanotube dispersions on the viability of CHO cells, 
the direct cell counting of cells was investigated through the trypan blue exclusion 
method. This assay is a membrane integrity assay as it relies on the membrane integrity 
of cell. The dye permeates dead cells but is excluded by viable cells. At the end of the 
exposure time, cells are collected and resuspended in the medium. An aliquot is added to 
a mixture of trypan blue and is allowed to settle for 5 minutes. The mixture (10 pL) was 
pipetted into the chambers of the Countess slide. Cells are counted using a Countess 
automated cell counter and the data are presented as live cells normalized by the total 
number of cells. The evaluation of CHO viability via the trypan blue assay was 
performed immediately after the incubation period ended.
4.3 Results and Discussion
4.3.1 Characterization of dispersed SWNTs
In this study, SWNTs were dispersed in the standard culture media, F-12 Ham’s 
media containing 10% FBS. We call this solution ‘nanomedia’, and the SWNT 
concentration in nanomedia is 0.0065 mg/mL. The presence of FBS in the culture media 
is crucial as it will assist in producing stable dispersion of SWNTs. In addition, we show 
that the noneovalent funetionalization of SWNTs with fluorescently tagged peptides also 
supports the dispersion of SWNTs. Peptide-SWNT dispersions appear to have a 
combination of individual and small aggregates of suspended SWNTs, with individual
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nanotube diameters in the range of 0.8 and 1.2 nm and the peptide coating can add 
further 1-3 nm to the diameter.
4.3.2 Probing cellular uptake of nanomedia via Raman Spectroscopy
Raman spectroscopy is a powerful tool in the study of carbon nanotubes because 
it can directly detect CNTs in cells without labelling with fluorescent dye. In order to 
investigate whether or not SWNTs dispersed in complete growth media called 
nanomedia were taken up, internalized and later on localized inside cellular 
compartments of CHO cells, we employed Raman spectroscopy on cells following 
exposure to nanomedia for different periods of time.
Raman mapping was performed on cells by scanning an area of 25 pm x 25 pm 
using the Raman Spectroscopy NTEGRA-NTMDT system. Cells were excited with the 
red laser (633 nm) focusing through an objective lens of lOOx magnification for a one 
second exposure per point. Raster scanning was performed with 50 points per line and 
50 lines per image and produced a Raman image as shown in Figure 4.2. Accordingly, 
the step size between each point and each line used is 500 nm.
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Figure 4.2 Optical image, (A), and Raman map, (B), of the same cell. Intensity in
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Raman map correlates to G band intensity of the CHO eell that has been incubated with 
nanomedia for 24 hours.
The internalization of SWNTs inside cells and their intracellular localization can 
easily be quantified using our spatially-resolved Raman spectroseopy, because the 
Raman spectrum of the G-band of SWNTs is highly intense. Quantitative studies of 
CNT internalization within eells were performed by simply outputting Raman maps into 
histogram format with every pixel of the map representing a point on the histogram. The 
result is shown in Figure 4.3. To model the data we assume that it is the sum of a 
baekground which is the only source of signal for most pixels, plus a variable amount of 
CNTs in a minority of the pixels. As pixels with just a baekground signal are most 
eommon they eontribute the large peak at low values in Figure 4.3. The baekground in a 
particular pixel is assumed to vary randomly around a mean value, and so we fit a 
Gaussian eurve to the data (see Figure 4.4). Then we use this to determine the mean 
value for the baekground noise and henee the true signal arising fi*om the G-peak of the 
SWNTs. The signals firom G-peak start at the beginning of the flat tail region, where the 
cut-off point (~ 850) is determined.
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Figure 4.3 Histogram of G band intensity over scan area of the sample. Insert histogram 
showing signal arising from the background alone.
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Figure 4.4 A Gaussian curve (shown in red) was fitted to the data to determine a cutoff 
point for background noise and true signal arising from the G-peak. Insert histogram 
showing points above the cutoff, the recorded signal of the G-peak from SWNTs.
The points above the cut-off, to the right of the dashed curve in Figure 4.3, were 
each multiplied by their intensities and then this total was divided by the number of 
points above the cut off to give the mean recorded signal of the G-peak in the pixels we 
believe contain SWNTs. The centre of the fitted Gaussian (our estimate of the mean 
value for background) is then subtracted from the recorded signal to leave the mean 
value of the signal arising from the CNTs in a pixel per cell. Then these points with the 
background subtracted were summed and taken as the signal for each cell within an 
incubation time point.
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Figure 4.5 Graph showing number of cells (out of 25) with G-peak signal show 
proportional dependence with incubation time.
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For each time point, 25 cells were imaged and scanned; however, not every cell 
within the sample exhibited detectable signal, see Figure 4.5. From this figure it is clear 
that the longer exposure to nanomedia, the higher the fraction of cells witnessed that 
have taken up SWNTs. Also from the graph in Figure 4.5, after 17 hours of incubation, 
more than half of the examined cells show detectable signals (G-peak).
So from Figure 4.5 the number of cells which have taken up SWNTs increases 
over time and in Figure 4.6 we see that the total amount of SWNTs taken up by CHO 
cells increases with the incubation time.
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Figure 4.6 Graph showing the combination of G-band intensity of mapped cells for 
different incubation times.
The distribution of the bright regions (emanating from SWNTs) inside cells was 
observed via Raman mapping changes with incubation time. After a short period of 
incubation, many bright areas were seen inside the cells but after a longer period of
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incubation, only a few larger blobs of bright areas were noticed and located in a 
particular area inside the cells (see Figure 4.7). We hypothesized that these observations 
occur due to the uptake process experienced by cells, where SWNTs in the nanomedia 
were taken up via endocytosis and the once inside the cell they concentrate in one part 
of the cell via the endosomal/lysosomal machinery of the cell.
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Figure 4.7 Raman mapping of CHO cells treated with nanomedia. Raman mapping of 
cells (A) after a relatively short incubation time (9 hours) and (B) is after a longer 
incubation time (24 hours). At the shorter incubation time, a number of bright spots 
were observed scattered all around inside the cell, while at the longer incubation times 
the bright spots tend to be localized in one area inside the cell.
After our longer incubation times, we suspect that cells have internally sorted 
the SWNTs they have endocytosed and relocated SWNTs possibly towards 
compartments known as late endosomes and lysosomes inside the cells. This assumes 
that the SWNTs enter cells via endocytosis. Material which enters the cell via this route 
is known to often do this.^  ^ These Raman mapping results motivated us to study in 
detail the uptake pathway as well as the fate of SWNTs inside CHO cells. But first here 
we will consider the results of AFM experiments.
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4.3.3 Morphological changes of cell’s surface following cellular uptake 
characterized by surface analytical technique AFM
The morphology of CHO cells following cellular uptake of nanomedia was 
visualized using an AFM. AFM offers higher resolution imaging than optical methods 
such as the Raman mapping carried out previously, making it complementary to these 
techniques. However, we only do AFM on fixed cells, and we cannot label the 
organelles or other structures of cells as we do with confocal fluorescence microscopy.
(E) g
S
?
107
Figure 4.8 Representative AFM height images of CHO cells. Left and right panel 
contains images of control and treated cells, respectively. (C) and (D) are close up of the 
white-dotted areas in (A) and (B), respectively. The cells in (B) and (D) were treated 
with nanomedia for 6 hours at 37 °C. Height profiles of control (E) and treated (F) cells 
are shown. The profiles are along the blue lines in (C) and (D), respectively. In the close 
up images, (C) and (D), there is clear formation of pits that may be due to endocytosis 
on the cell surface.
In Figure 4.8 (A) and (C) we see AFM images of typical untreated CHO cells. 
The surfaces of these control cells appear relatively smooth. AFM images of cell 
surfaces following 6 hours incubation with nanomedia are shown in Figure 4.8 (B) and 
(D). The surfaces here appear to have a rougher surface structure. Several papers 
recently reported the use of the surface analytical tool, AFM in combination with 
conventional techniques in the observation of cell morphology after incubation with 
nanoparticles. Wang et al.^  ^ observed the formation of pit-like structures on the 
surface of mouse neural stem cells following the internalization of titania nanotubes 
(TiOi-NTs). In addition, Yang and co-workers revealed the formation of holes as well as 
bumpy surfaces following incubation of human nasopharyngeal carcinoma cells with 
transferring-conjugated nanoparticles solution.^^
Confocal fluorescence microscopy has been applied to further confirm the 
uptake pathway as well as the fate of SWNTs following uptake by cells. SWNTs do not 
fluoresce in the visible spectral region, so it is necessary to link a fluorophore to the 
SWNTs. This was achieved by indirect labelling of SWNTs, where the fluorophore 
(FITC) was firstly linked to the peptides and then SWNTs were subsequently dispersed
108
in the fluorescently tagged peptide. Following dispersion, these fluorescent-peptides will 
wrap around the surface of SWNTs.
4.3.4 Cellular uptake of SWNTs functionalized noncovalently with 
three different fluorescently labelled peptides
In this study three different fluorescently tagged peptides, OF, 4F, and 8F which 
have 0, 4 and 8 phenylalanine (F) residues respectively, was used to functionalize 
SWNTs. Results obtained using confocal fluorescence microscopy show that peptides 
with different numbers of phenylalanine residues in their sequences are internalized in 
different amounts by cells (Figure 4.9). We found that for cells exposed to OF-SWNTs 
solution, very little to no fluorescence was observed from inside the cells after one hour 
of incubation. Hence, one can conclude that SWNTs functionalized with OF peptide 
were hardly taken up by the cells.
Cells incubated with 4F-SWNTs and 8F-SWNTs show more uptake, possibly 
due to stronger peptide-nanotube interactions. However, not all cells treated with 4F- 
SWNTs show green dots or blobs in contrast to cells treated with 8F-SWNTs where all 
cells exhibited dotted, green fluorescence. In addition, for the 8F-SWNTs we also 
observed a diffuse distribution everywhere throughout the cytoplasm, see Figure 4.9 (F).
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Figure 4.9 Images of cells incubated with (A-B) OF-SWNTs, (C-D) 4F-SWNTs and (E- 
F) 8F-SWNTs solution for one hour, fixed and imaged. Images were collected using 
D ie (left) and the FITC (right) channels, respectively.
Clearly, differences in the amino acid sequence of the peptides, such as the 
presence of a different numbers of phenylalanine residues, affect SWNT internalization,
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and possibly the localization inside cells. For the following experiments, only 4F- 
SWNTs were used.
4.3.5 SWNTs aid peptide internalization in CHO cells
Biomolecules such as protein or peptides can disperse and stabilise SWNTs in 
solution and also help in increasing SWNTs uptake by the cells. In turn molecules 
associated with SWNTs may be internalized more efficiently than if they are simply in 
solution in the growth medium. If a molecule that associates with the SWNTs is a drug, 
then the SWNTs are acting as drug delivery agent by increasing uptake of the drug. Here 
we look at peptides not a drug. Our hypothesis is that for the case of peptide 
functionalized SWNTs, the uptake is increased indicated by the strong fluorescence 
relative to cells with pristine peptide in the growth medium, without SWNTs (Figure 
4.10). Fluorescently labelled peptides and fluorescently labelled peptide (4F) with 
SWNTs solutions were prepared in PBS and then tip sonicated for 30 minutes before 
introducing to the cells. Cells grown on a coverslip in the complete culture media were 
incubated under standard growth conditions with either a peptide solution alone or 4F- 
SWNTs solution for one hour. Cells were then washed a few times with PBS before 
being fixed and mounted on a glass microscope slide for imaging. Samples were excited 
with a 488 nm laser (to excite the FITC).
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Figure 4.10 DIC images of fixed cells with fluorescence overlay. CHO cells were 
incubated for one hour at 37 °C with (A) a fluorescent peptide solution alone, and (B) 
SWNTs dispersed in fluorescence labelled peptide (4F) solution.
The overlay of DIC and confocal fluorescence microscopy clearly indicated 
there is no measurable uptake of fluorescently labelled peptide for cells incubated with 
just peptide solution alone (without SWNTs). However, in the presence of SWNTs, 
there are obvious bright, green dots detected in the image corresponding to the 
fluorescently labelled peptide being taken up by the cells after one hour of exposure to 
the solution. The green fluorescence is found mainly distributed close to the nucleus, but 
outside the nucleus presumably in the cytoplasm or in a compartment in the cytoplasm 
(Figure 4.10 (B)). The images above clearly demonstrate that SWNTs aided the 
internalization of its attached biomolecules.
4.3.6 Internalization pathways of peptide functionalized SWNTs in 
CHO Cells
From a comparison of Figure 4.11 b and c, it is clear that SWNTs are able to 
enter cells with their cargo, in this case, fluorescently-labelled peptide. Comparison of
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Figure 4.11a and b reveals the appearance of small black dots (on the order of 1 pm) 
after the cells are exposed to SWNTs. These dots are presumed to be SWNT 
aggregates. The next step is to identify the uptake pathway. Above we speculated that 
the uptake occurs via endocytosis. Endocytosis is a common entry mechanism for 
numerous extracellular materials, and it requires the input of energy. To validate this in 
our study that cells take up both SWNTs and 4F-SWNT complexes via endocytosis, 
further investigations were carried out. Firstly, cells incubated with nanotube solution 
were stained with FM 4-64, a lipophilic styryl dye as a marker for endocytosis. Then, 
the incubation of treated cells with 4F-SWNTs was performed at two different 
conditions, 37 °C and 4 °C. These two studies are explained in detail in the following 
section.
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Figure 4.11 Control CHO cells and cells incubated for one hour at 37 °C with SWNTs 
dispersed in fluorescence labelled peptide (4F) solution. DIC image (A) of control cells. 
DIC image (B) of treated cells with noticeable black dots and (C) the same DIC image 
with fluorescence overlay. Green fluorescence in the image is FITC tagged peptide, 
which shows substantial overlap with black dots in the DIC image; these black dots are 
presumably SWNTs. Red arrows in the image point out where black dots overlapped 
with green fluorescence.
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4.3.6 (a) 4F-SWNTs internalization and colocalization with endosomal 
marker (FM 4-64)
The internalization by cells of complexes of SWNTs and fluorescently labelled 
peptides was observed in conjunction with colocalization with an endosomal marker. 
For this study, a working staining solution of FM4-64 was simply added into the petri 
dish or six well plate containing cells simultaneously with the 4F-SWNTs solution. The 
cells were then incubated for one hour and fixed with fixation solution. Samples were 
thoroughly washed and mounted on a microscope slide prior to imaging via confocal 
microscopy.
Figure 4.12 Confocal images for cells incubated with the 4F-SWNTs complexes and the 
endosomal marker FM 4-64 for one hour. Cells observed with (A) DIC, (B) green
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fluorescence channel, (C) red fluorescence and (D) merged channel. The inset on the 
right shows part of the fleld of view at a larger scale. It shows clear evidence of 
colocalization which generates the yellowish colour in the merged image.
In Figure 4.12 it is clear that there is colocalization between the red (FM 4-64 
represents endocytosis) and green (4F-SWNTs) fluorescence signals. This colocalization 
shows as yellow in the merged image. The colocalization of nanocomposites (4F- 
SWNTs) with endocytosis marker (FM 4-64) confirmed that the nanocomposites 4F- 
SWNTs were taken up into the cells via an endocytosis process. In addition, the inset 
and magnified image suggests that nanocomposites were trapped inside the endosome 
vesicles.
4.3.6 (b) 4F-SWNTs internalization and colocalization with endosomal 
marker (FM 4-64) following incubation at 4 “C and 37 °C
To see if the intracellular internalization of 4F-SWNTs is energy dependent, the 
uptake and colocalization were tracked by confocal fluorescence microscopy after 
incubation at 37 °C and 4 (Figure 4.13).
Cellular incubation with 4F-SWNTs carried out at low temperature (4 °C) 
revealed that the uptake is greatly hampered with little to no intracellular green (4F- 
SWNTs) and red (FM 4-64) fluorescence was observed in the cells. In contrast, for 
incubation carried out at 37 °C, fluorescence flrom both the green and red channels was 
observed. These results clearly suggest that uptake requires energy, which indicates that 
it is via endocytosis in CHO cells.
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Figure 4.13 Confocal microscopy images of CHO cells after incubation in medium with 
fluorescently labelled 4F-SWNTs. Top and bottom panel shows cells at 4 °C and 37 °C, 
respectively.
4.3.6 (c) Intracellular localization of 4F-SWNTs conjugates in CHO 
cells
Upon internalization, the location of complexes of 4F-SWNTs by cells was 
investigated because the intracellular location is important for application in drug 
delivery. A drug molecule may be ineffective in an endosome as it would normally need 
to be located in the cytosol or nucleus to be effective. Also, the localization of 
nanocomposites might have an impact on cell function. Here, CHO cells were treated 
with 4F-SWNTs and then counterstained with specific fluorescent markers such as the 
endosomal marker (FM 4-64), lysosomal markers (LysoTracker Red and LysoSensor 
Green), mitochondria marker (MitoTracker Red), and the nucleus marker (DRAQ5).
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Of the two lysosomal markers, LysoSensor Green dye has the advantages over 
LysoTracker Red in that it is only fluoresce once inside acidic compartments. 
LysoSensor Green is a pH dependent dye. So, staining cells with this dye allows for 
tracing the trafficking of endocytosed materials in endocytic compartments (fi*om 
endosomes, late endosomes, to lysosomes). The red-fluorescing fluorophore, 
LysoTracker Red is a pH-independent dye which accumulates mainly in the acidic 
lysosomal and endosomal compartments. Confocal images of cells incubated with 
LysoTracker Red showed many small punctate vesicles which correspond to lysosomes 
and related acidic endosomes of the cells.
Following endocytosis, the locations of 4F-SWNTs with respect to several 
cellular organelles were traced. Yellow fluorescence in the merged images clearly 
demonstrated the colocalization of 4F-SWNTs with endosome- and lysosome-like 
vesicles (Figure 4.14 (A) and (D)). In addition, a false colour confocal image of acidic 
endocytic compartment stained with pH dependent marker, LysoSensor Green (Figure 
4.14 (C)) also exhibited yellow fluorescence in the merged image indicating 
colocalization of 4F-SWNTs in the acidic endocytic compartments consisting of early 
endosomes, late endosomes and lysosomes. These yellowish regions could be observed 
distributed in the cytoplasm, mostly adjacent to the nucleus. The results suggest that the 
4F-SWNT complexes are endocytosed by cells and accumulate mainly within 
endosomal or lysosomal compartments. This is consistent with endosomal and 
lysosomal colocalization.
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Figure 4.14 Colocalization of 4F-SWNTs with different organelles was identified by 
staining with fluorescent markers. Cells incubated 4F-SWNTs (green fluorescence) for 1 
hour at 37 °C, with staining (A) endosomes with FM 4-64 (red fluorescence), (C) acidic 
compartments with LysoSensor Green (shown as false colour red), (D) lysosomes with 
LysoTracker Red (red fluorescence), (E) mitochondria with MitoTracker Red and (F)
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nuclear staining with DRAQ5 (blue fluorescence). Confocal image in (B) showing cells 
without treatment with 4F-SWNTs counterstained with LysoSensor Green (green 
fluorescence) and LysoTracker Red (red fluorescence). The red, punctate structures in 
the image refer to the lysosomes, and green blobs represent other acidic endocytic 
compartments.
There is very little yellow fluorescence in merged images for cells stained with 
MitoTracker Red (Figure 4.14 (E)). This implies that mitochondria are not the target site 
for 4F-SWNTs. Further, 4F-SWNTs were also not detected in the nucleus (Figure 4.14 
(F)) owing to no noticeable overlap between green (4F-SWNTs) and blue (DRAQ5) 
fluorescent in the merged image.
The internalization and colocalization of 4F-SWNTs with specific markers were 
further confirmed by Z-stack imaging (Figure 4.15) using confocal fluorescence 
microscopy. A series of optical section images at different focal planes were taken 
through the cell volume. By contrast Figure 4.14 is just one slice through a cell.
Z-stacks were acquired and the stacks provide further evidence for the 
internalization process of 4F-SWNTs. In particular the Z-stacks help to demonstrate that 
signals are originating fi*om within the cells and not due to the non-specific adsorption 
on the cell surface.
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Figure 4.15 Internalization and localization of 4F-SWNTs. Orthogonal reconstructions 
of Z-stacks of cells incubated with 4F-SWNTs and stained with FM 4-64 for endosomes 
(A), LysoSensor Green for acidic compartments (B) and LysoTracker Red for 
lysosomes (C). Colocalization of green (4F-SWNTs) and red fluorescent (FM 4-64, 
LysoSensor Green and LysoTracker Red) yields a yellow signal in the image. Nuclei are 
stained with DRAQ5 (blue) (D). Z-stacks were performed at 40x (A-C) and 63x 
magnification (D). Z-series stack images were acquired at the interval of 1 pm with the 
thickness of each slice being 0.8 pm.
121
4.3.6 (d) Live and real time cell imaging
All of the above images are for fixed cells. We also employed live cell imaging 
using confocal fluorescence microscopy. Cells were seeded on 35 mm ibidi u-dish Grid 
500 petri dishes, and incubated with 4F-SWNTs for a determined time. They are then 
imaged directly after the incubation periods ends (Figure 4.16), or exposed to a few 
washing steps with culture media prior to imaging (Figure 4.17).
The main objective of this study is to follow the endocytosis of 4F-SWNTs, and 
possible exocytosis processes. The exocytosis was studied by performing pulse-chase 
experiments. In a pulse-chase experiment, the pulse phase begins once cells were 
incubated with 4F-SWNTs solution and the chase phase begins once treatment medium 
was replaced with culture medium. Thereafter, the locations of the internalized 4F- 
SWNTs were tracked as a function of time.
Live cell imaging finds that cells take up 4F-SWNTs in a time dependant manner 
(Figure 4.16 (A) and (C)), that is comparable to that found in our results obtained by 
Raman spectroscopy. After one hour of incubation, there are bright green fluorescent 
dots in the cells (cells are the black regions in the image) and these green dots appeared 
in the same location as red spots following staining with FM 4-64 (Figure 4.16 (D)). The 
green fluorescence surrounding the dark regions is 4F-SWNTs in solution in the growth 
medium. This fluorescence makes imaging difficult.
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(C) 4F-SWNTS (°) 4F-SWNTs/ FM 4-64
Figure 4.16 Live cells imaging of CHO cells performed directly after incubation. Top 
and bottom panel contains confocal images of cells taken after 30 minutes and 60 
minutes incubation at 37 °C with 4F-SWNTs, respectively. Left panel shows cells in 4F- 
SWNTs alone and right panel cells treated with 4F-SWNTs and co-incubated with FM 
4-64.
In the next study, cells were incubated simultaneously with 4F-SWNTs and 
staining solution. Then, treatment media was discarded, the cells were washed a few 
times with culture medium, and then fresh culture medium was replaced before imaging. 
The washing step is important as it allows nanocomposite (4F-SWNTs) which may just 
be adsorbed on the cell surface to be washed away. After four to five times washing with
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culture media the loosely attached or unintemalized 4F-SWNTs nanocomposite will be 
washed away and this will make the image interpretation easier.
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Figure 4.17 DIC images with fluorescence overlay. Cells were incubated with 4F- 
SWNTs for 1 hour at 37 °C, washed a few times (with culture medium) and replaced 
with fresh culture medium prior to imaging (A). During incubation with 4F-SWNTs 
cells were said to be in pulse phase. After replacing the treatment medium with fresh 
culture medium added to the dish, cells are in the chase phase. These cells were then 
imaged after another 3 hours (B), 6 hours (C), and 15 hours (D) in culture medium. The 
colocalization between 4F-SWNTs (green) and FM 4-64 (red) gives a yellowish colour 
and these yellow spots were found located near the nucleus at the beginning. Then, 
between 3 to 15 hours, these spots are more likely to be found towards the edge of the 
cells.
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The images of Figure 4.16 illustrate clearly that the 4F-SWNT complexes were 
internalized by live CHO cells in a time dependent manner. The pulse chase 
experimental data in Figure 4.17 indicate that the complex of 4F-SWNTs has a lifetime 
in cells of a number of hours, but that it may eventually be exocytosed. The images in 
Figure 4.17 were captured from a video in which motion of 4F-SWNT was observed.
4.3.7 Assessment of cellular toxicity
Next, the effect of 4F-SWNTs on CHO cells was assessed. In order to evaluate 
any potential toxicity of SWNTs, cells were further incubated with 4F-SWNT solutions 
for different periods of time. Cells cultured in media alone served as the controls. In this 
experiment, more than one assay was implemented to accurately determine any potential 
toxicity, as suggested by Monteiro Riviere and coworkers.^^ They found inconsistent 
results for different toxicity assays, which suggests that there may be an interaction 
between the carbon nanomaterials with some of the assay dyes. Here, we use membrane 
integrity (trypan blue exclusion) and functional (XTT) assays to screen the cellular 
toxicity of functionalized SWNTs.
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gure 4.18 Graph showing total metabolic activity measured by XTT assay of control 
and 4F-SWNT treated CHO cells. The metabolic activity of cells following different 
incubation periods was monitored. The data are expressed as mean ± standard deviation 
of two independent experiments.
Incubation time
Average CHO cell count
Control Treated
0 3 . 0 0  X 10'' 2.92x10"
3 3.41 X 10'* 3.2 X  1 0 "
9 6.67 X 10" 5.61 X  10"
24 1.39 X  10’ 9.81 X  10"
Table 4.1 Average count of control and treated CHO cells
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Judging from the XTT results in Figure 4.18 above, cells exposed to 4F-SWNTs 
for a long period, 24 hours, have a reduced metabolic capacity. In contrast, cells treated 
for short periods are undistinguishable from control, untreated cells. This XTT assay 
evaluates the functional viability of cells by observing their metabolic functions, which 
is crucial for cell growth. The decreased in metabolic function is probably due to the 
slower cell proliferation. Table 4.1 showing the absolute number of cells counted in 
parallel to XTT assay. Control cells proliferate rapidly but in case of treated cells, 
proliferation increased slowly.
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Figure 4.19 Viability of CHO cells assessed using trypan blue exclusion method. Cell 
viability was calculated as follows: number of viable cells/total cell number times 100. 
Results are given as mean ± standard deviation of two independent experiments.
Next, the cellular toxicity was evaluated using trypan blue exclusion. This 
screening assay measures the fraction of viable cells. From Figure 4.19, the exposure to
127
4F-SWNTs reduces the fraction of viable cells. The viability of treated cells decreased 
gradually with incubation time. For example, after 24 hours exposure cell viability 
decreased to about 67% in contrast to the control cells where it was close to 100%. This 
is in agreement with the XTT result. It is possible that the decrease in viability is due to 
the catalyst present in the SWNTs.
The alterations of cell morphology consequently after incubation with 4F- 
SWNTs were observed using confocal microscopy and phase contrast microscopy. For 
confocal, cells were stained with green phalloidin for actin cytoskeleton and blue 
DRAQ5 for nucleus. However, cells were stained with hematoxylin and eosine (HE) to 
easily distinguish between nucleus and cytoplasm for observation by phase contrast 
microscopy.
A typical control image of CHO cells stained with hematoxyline-eosine is 
depicted in Figure 4.20 (A), where the cell nuclei appear purple while the cytoplasm is 
weakly stained pink. Cells appear to form clusters with apparent cell-cell contacts. After 
exposure to a nanotube solution for 9 and 24 hours (Figure 4.20 (B) and (C)), cells have 
lost some mutual attachments, and in some cells nuclear condensation appears where the 
cytoplasm of cells retracted and the nuclei became smaller and more squeezed, 
confirmed by the stronger purple staining in the images. These features (condensed 
nuclei) indicate the occurrence of apoptosis.
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Figure 4.20 Cytopathological observation of HE stained CHO cells. Control cells (A) 
and cells treated with 4F-SWNTs solution for (B) 9 hours and (C) 24 hours, 
respectively. White scale bars are 20 pm.
Additionally, cell functionality (cytoskeletal organization) was further analyzed 
by staining of actin and nuclei using fluorescent dyes. Confocal images revealed that 
control cells (Figure 4.21 (A)) spread well with higher overall degree of stress fibres 
orientation in contrast to cells exposed to 4F-SWNTs solution. A mild disorganization of 
actin filaments was noticeable for cells treated for 9 hours. However, for cells treated for 
24 hours, some of the cells have disorganized actin structures and in some cells the 
green fluorescence of phalloidin looks intense around the nucleus.
Figure 4.21 Images of CHO cells in which the actin cytoskeleton is stained with 
AlexaFluor 488 phalloidin (green) and nuclei are stained with DRAQ5 (blue). Control
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cells (A) cultivated in the absence of 4F-SWNTs, and cells cultivated in the presence of 
4F-SWNTs solution for (B) 9 hours and (C) 24 hours, respectively.
4.4 Conclusions
In conclusion, our study showed that SWNTs dispersed in cell growth medium 
or in peptides can be taken up by cells, as indicated by cellular uptake and localization 
within CHO cells. We also found that increasing the exposure time increased the 
number of cells taken up SWNTs, as evidenced by Raman and confocal microscopy. We 
studied the distribution of 4F-SWNTs within cells and found that the complexes were 
mainly trapped in endosomal/lysosomal-like vesicles. They also showed little to no 
colocalization with either mitochondria and or the nucleus. This intracellular localization 
was further confirmed in monolayer culture using optical sectioning (Z-stack) technique 
of confocal microscopy to assure that the complex is located within the cells.
The uptake of the complex 4F-SWNTs relies on energy dependent endocytosis, 
as evidenced by strong colocalization with FM 4-64, and the absence of uptake for 
incubation at 4 °C. Pulse-chase experiments were carried out to follow the dynamics of 
4F-SWNTs and to examine the possibility of exocytosis. However, the exocytosis 
process seems to require a longer time than our experiments (15 hours) to fully 
exocytose the complexes of 4F-SWNTs.
Finally we verified the potential cellular toxicity of 4F-SWNTs. Both XTT and 
trypan blue exclusion assays showed that cells exposed to nanotube solutions for long 
(many hours) periods of time show a decreased in cell viability, in comparison to control 
cells. The observed cytotoxicity may result from the purity of SWNTs used in the
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studies which contains catalyst, mainly iron at percentage ~ 15%. Cell morphology is 
correlated with changes in cell proliferation and cell activity.
To conclude, SWNTs clearly help the peptides get inside cells as shown in 
Figure 4.10 and Figure 4.11. So, SWNTs have high potential as a transporter for other 
biomolecules such as siRNA or drug delivery to cells. Although SWNTs and their cargo, 
peptide, were found inside cells, the complexes then seem to get trapped in 
endosome/lysosome compartments. This is not good, as for example in the case of an 
anti-cancer drug, delivery to the nucleus is required. This study of both uptake and 
localization allows the assessment of how good the SWNTs are as transporters, i.e., our 
results indicates that SWNTs are not good enough for delivery to the nucleus or cytosol 
but maybe with several modifications they could do that. One possible method to release 
drug delivery complexes inside the endosomes to the cytosol is through 
endosomal/lysosomal membrane rupture using either an endosomal or lysosomal 
disrupting agent such as chloroquine or quinacrine. For useful application of in 
biomedical application, specifically for application in drug delivery, the uptake ability 
alone is not enough; these nanomaterials of interest should have little cytotoxicity in 
human cells.
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Chapter 5: The culture of Chinese Hamster Ovary 
(CHO) and liver human hepatoma (Huh?) cells on the 
aligned, isotropic and patterned carbon nanotube 
substrates
This present study was conducted to elucidate the need for a deeper 
understanding regarding the interaction of cells with substrates having nanoscale surface 
topography, and in particular substrates based on assemblies of multi-walled carbon 
nanotubes. Cells sense and respond to the substrate they are grown on, and so 
engineering this substrate is one way to achieve the control over cell growth required for 
tissue engineering. In these experiments, two different cell lines, called liver human 
hepatoma (Huh?) cells and Chinese Hamster Ovarian (CHO) cells, were cultured and 
studied on both isotropic and aligned substrates based on CNTs. Both substrates have 
thicknesses less than 100 nm. The nanotubes are present mainly in bundles that are 
further entangled, which provides the substrate with nanoscale roughness. The cells 
adhere to and grow on both substrates, and on the aligned substrate, the cells align 
strongly with the axis of the bundles of the multiwall nanotubes. Some of these aligned 
cells elongated along this axis but most do not: alignment of the cells does not require a 
pronounced change in morphology of the cell. We also pattern the nanotube bundles 
over lengthscales comparable to the cell size and show that the cells follow this pattern. 
Thus, if a defined pattern of cells is required, then control over the nanoscale topography 
can achieve this, and our materials are a versatile means of achieving this control.
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5.1 Introduction
Cells interact with, and respond to, the substrate they are growing on. Their 
adhesion and growth depends on substrate properties such as its stiffiiess, and also on 
topographical features on the nanoscale such as, for example, grooves a few tens of 
nanometres across. The response of cells to surfaces they contact is mediated via 
clusters of proteins called focal adhesions. Nanoscale topography affects the formation 
of these focal adhesions and hence cell behaviour. This should be unsurprising to us as 
in our bodies, cells are surrounded by and interact with a complex three-dimensional 
extra-cellular matrix (ECM) environment which has nanoscale structure. The ECM 
provides physical cues which affect cell behaviour and hence the formation of functional 
tissues from cells. Thus, materials with controlled nanoscale topography can be used to 
mimic ECM features and to direct cell behaviour. These materials are required for 
successful tissue engineering.
The topography of the substrate can be smooth, rough (i.e., disordered) or with 
a periodically varying he ig h t .T he  substrate can also be isotropic or anisotropic. By 
rough we mean that the height varies but not with a simple repeating pattern, although it 
may have a characteristic lengthscale. An isotropic substrate is the same in all directions 
and so provides no cue to orient the cells, while on an anisotropic substrate the cells may 
align along a particular axis of the substrate. Anisotropic substrates comprised of 
grooves and ridges have been systematically studied and found to influence cell 
migration, elongation and alignment along the directions of the grooves and ridges, a 
phenomenon known as contact guidance.^^'^^ Also, for cells on grooves and ridges, cell 
behaviour has been shown to be sensitive to substrate features such as the groove width, 
depth, and the pitch of the pattern. In the work discussed above, the substrate pattern
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is on lengthscales varying from a few times larger than a single protein to approximately 
the size of a focal adhesion (~ micrometre).
Substrates can also be patterned on the lengthscale of a cell. For example, 
O’Neill et al. and Chen et al. showed that a substrate with islands that promoted 
adhesion surrounded by a surface that the cells could not adhere to, could directly 
control the size and shape, and hence the behaviour of cells. Subsequent work has seen 
dramatic effects on the cell cytoskeleton, by varying the substrate geometry. For
example Hidai et al. studied cells on cylindrical fibres that had diameters comparable 
to the cell size. Both fibroblast derived from Swiss mouse embryo (NIH 3T3) and 
Madin-Darby Canine Kidney (MDCK) cells exhibit morphologies on the fibres that are 
very different fi*om the morphologies with flat substrates. The organisation of the cell’s 
cytoskeleton (bundles of actin filaments) is very different for cells growing on fibres 
than it is for cells growing on a flat substrate. Edwards et al. examined NR6 mouse 
fibroblast cells on a tubular micro-scale scaffold composed of a glass rod wrapped with 
a 9 ply MWNTs yam. They also looked at cells on an electrospun polymer/MWNT 
composite. In addition, recent work by Jeon et al. has looked at grids of varying aspect 
ratio, 1:2, 1:4, and 1 :oo. The aspect ratio of 1:4 for both cross and parallel line patterns 
found to have significant effect on the cell alignment as well as the directionality of cell 
migration.
It is important to note that many different cell types have been studied in relation 
to understanding cell-substrate interactions for example, fibroblasts,^’ epithelial 
c e l l s , c a r d i a c  cells,^ "^  osteoblasts and neurite cells.^^ One current focus of study 
is on developing and designing scaffolding materials which are able to support the 
growth of liver-derived cell lines so that the cells’ liver-specific function is increased.
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Liver cells are used for pharmacological and toxicological studies for the pre-screening 
of candidate drugs for any potential deleterious effects they may have on liver function 
in vivo. For these purposes, primary hepatocytes isolated from the livers of rats^^ or 
humans'^^'^\ and liver derived cell lines such as and HepG2 cells are commonly 
used. The changes in cell structure and biological responses (e.g. metabolic activity) of 
seeded cells on the substrates or scaffolds are studied, as are their liver-specific 
metabolic activity. Here we explore the growth and responses of CHO and Huh? cell 
lines (which have epithelial characteristics) on our prepared substrates.
The response of a cell to a substrate will in general depend on the cell type as 
well as the substrate, however, there are numerous reports in the literature showing 
many different cell lines undergo varying degrees of alignment with grooves of aligned 
substrate, so alignment which may indicate that this phenomenon is generic to most 
types of mammalian cell.^ The substrates themselves have been produced via a number 
of methodologies, such as photolithography, microstamping, hot embossing, 
stencil patterning, nanoimprint lithography, electrospinning, and phase 
separation.^^’
CNTs have a number of advantages as the active materials in substrates for cell 
growth. They are inert, mechanically robust, electrically conductive, naturally have 
nanoscale topography and can easily be patterned on scales of micrometres and above. 
They have been shown to be non-toxic and considered biocompatible. For example 
Mattson et al. grew rat hippocampal neurons for up to 8 days on nanotube based 
substrates. They can also easily be functionalised to change their surface chemistry, or 
by non-covalently attaching molecules with biological activity such as DNA, hyaluronic 
acid and chitosan.^"  ^ For example, Hu et al. found that the rat hippocampal neurons
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have more growth cones with extensive branching and longer neurites on positively 
charged MWNTs. Their electrical conductivity may be an especially useful property for 
neural tissue engineering.^^’^  ^ Other studies have shown that various CNT based 
scaffolds support the growth of other cells types, for example f i b r o b l a s t s ^ a n d  
osteoblasts.^^’
Here we study the effect of topograpgy on cells of two types of CNT based 
substrates: one isotropic substrate and one aligned. Both are made with MWNTs. Nerve 
cells have been studied on our aligned substrates in earlier work.^*^^ We have found 
that the nanoscale topography of these substrates influences cell behaviour. Cell 
alignment is required in many tissues, e.g. liver and skin. Our Chinese Hamster Ovary 
(CHO) cells align strongly with the nano-scale grooves of our aligned substrates. This 
agrees with previous work on CHO cells by Rebollar et al. who reported the 
alignment of CHO cells with a periodic surface nanostructure. CHO cells were chosen 
due to the fact that they are well studied, easy to culture, and so are an ideal cell type 
for initial experiments on a novel substrate.
We also pattern our substrates on lengthscales comparable to that of the cell size 
(-10 pm) and find that cells can also be controlled via patterning on this lengthscale. We 
believe that our substrates, which offer control over topography on both the nanoscale 
and on the lengthscale of cells, have great potential for tissue engineering applications.
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5.2 Experimental Methods
5.2.1 Preparation of aligned and crossed MWNT films
MWNT forests were produced via solid-state catalytic chemical vapor deposition 
(CVD), with catalyst and buffer layers deposited on silicon wafers (as the catalyst 
support). Acetylene gas was used as the carbon source. TGA data reports the purity of 
the MWNTs utilized at ~3 wt % catalytic contaminants. The diameter of the MWNTs is 
approximately 10 nm, and the forest heights averaged 185 pm. MWNT sheets were 
drawn from the sidewall of the forest via sharp-edge compression utilizing a standard 
straight-edge razor blade (with a width of 4 cm and at an approximate 45° angle to the 
forest) and subsequently dragged outwards to obtain an anisotropic aerogel sheet of 
aligned MWNT bundles.^^ Fibril branching continues throughout the sheet, thereby 
making a laterally extended, interconnected fibril network. These aerogel sheets are 
ultra-light, transparent, and electrically conductive, having an areal density of 
approximately 1-3 pg/cm^. The MWNT sheets are highly aligned, Zhang et al. 
applied Raman spectroscopy and reported a polarisation degree of between 0.69 and 
0.75 relative to the direction of pulling.
The aerogel sheets were then applied to glass substrates. During the application 
process, the sheets were densified along the alignment direction of the nanotubes with 2- 
propanol and allowed to air-dry. The sheets produced are similar to that shown in Figure 
S2 of the work of Zhang et al. Before the cell culture studies, a sheet was transferred 
from the glass substrate to a cover glass. This was done as follows: water was dropped 
onto the substrate using a pipette, which caused the MWNT bundles to lift off the 
substrate. A cover glass was then slipped under the bundles. The cover glass with the
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MWNT sheet was then dried in an oven at 60-70 °C for approximately 12 hours. We 
believe that this procedure further densifies the MWNT sheets by comparing the density 
of bundles in the SEM images of Figure 5.1 (C) and (D) with the density in Figure S2/^ 
The procedure also introduces some variability in the local density of the MWNT 
bundles. This non-uniformity can be seen in the optical image of our sheets, Figure 5.1 
(B), where the darker curves are larger, dense MWNT bundles. It is also worth bearing 
in mind that whenever a liquid is added to the substrate (e.g., when cells are added) there 
is movement of the MWNT bundles due to the fact that the bundles are not bonded to 
the glass.
In addition to the films made with a single sheet of aligned MWNTs, we also 
created crossed MWNT substrates by simply laying one aligned MWNT sheet down on 
another such that the top and bottom sheets are perpendicular.
5.2.2 Preparation of isotropic MWNT films
The MWNTs for making isotropic buckypaper were obtained from Nanocyl 
(95% purity). They are synthesized via catalytic chemical vapour deposition (CVD). A 
MWNT suspension was prepared in chloroform at a concentration of 0.01 mg/mL, i.e., 5 
mg of MWNTs in 500 mL of chloroform. The resulting suspension was sonicated using 
a bath sonicator (Fisherbrand) for 100 minutes. 400 mL of the stock suspension was then 
centrifuged at 25,000 g  for one hour; half the supernatant was then drawn off and it was 
centrifuged again at 25,000 g  for one hour. This process of drawing off half the 
supernatant and centrifuging it was then repeated three more times (i.e., a total of four 
times). 20 mL of the resulting suspension was filtered through a nitrocellulose 
membrane (Millipore) using a rotary pump (1425 rpm, Edwards). The buckypaper was 
then kept in an oven at the temperature of 75 C for 12 hours to remove the chloroform.
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To remove the buckypaper from the membrane, the nylon membrane was 
dissolved in acetone, using a number (~ 5) of acetone washes. The membrane was 
immersed in 10 mL of acetone for 30 minutes and then the acetone was replaced by 
another fresh volume of 10 mL. This process was repeated to make sure that the 
membrane was completely removed. The buckypaper, now floating in acetone, was 
attached to a cover glass. The buckypaper and glass were then annealed at 180 °C for 12 
hours to get rid of any residual chloroform and acetone. We prepared two different 
buckypapers, one rougher than the other. The rough isotropic buckypaper was prepared 
from a suspension after 100 minutes of sonication. The smooth buckypaper was 
prepared by starting from this suspension and centrifuging four times at 25000 g (1 hour 
per each time), each time using half of the supernatant from the previous centrifuging. 
The differences between our rough and smooth buckypaper are shown in Figure 5.3 (A- 
C) and Figure 5.3 (D-F), respectively.
5.2.3 Characterisation of aligned and isotropic MWNT films
The topographies of both anisotropic and isotropic substrates were characterised 
using AFM (NT-MDT) and SEM (Hitachi S4000 and Zeiss SIGMA Advanced 
Analytical SEM). The hydrophilicity of the prepared substrates was measured by contact 
angle measurement (Easy Drop, Kriiss GmbH, Germany).
5.2.4 Cell Culture
Chinese Hamster Ovary (CHO) cells (Cat No: 85050302) with epithelial 
morphology were purchased from the European Collection of Cell Cultures (ECACC) 
while the human hepatoma (Huh?) cells were provided by our collaborator in the 
Faculty of Health and Medical Sciences, University of Surrey, Dr. Nick Plant.
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Established protocols by ECACC (www.hDacultures.ors.uk/collections/ecacc.isD) for 
the culture and passage of CHO and Huh? cells were followed. CHO cells were grown 
in F-12 Ham’s medium supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% 
(v/v) of antibiotics solution (penicillin/streptomycin). Huh? cells were grown in DMEM 
medium supplemented with 10% (v/v) FBS, 1% (v/v) of antibiotics solution and 1% 
(v/v) non essential amino acid (NEAA). Both cells were cultured under humidified 
atmosphere at 37 °C with 5% CO2. Details regarding harvesting (subculture) and 
maintaining of the both cell lines, see details in section 3.3.1 (a) and 3.3.1(b).
5.2.5 Fixing and staining cells for confocal analysis
The cell-seeded substrates were washed with phosphate buffer saline (PBS) 
solution and fixed for 20 minutes with 4% paraformaldehyde prepared in PBS. After 
fixation, the samples were rinsed gently with PBS and permeabilized with 0.1% non­
ionic surfactant, Triton X (Sigma Aldrich, UK) prepared in PBS (PBST) for 5 minutes. 
Samples were then thoroughly washed with PBS and stained. Samples were incubated 
with AlexaFluor phalloidin (Invitrogen, UK) at a concentration of 22 nM for 30 minutes 
at room temperature. After rinsing with PBS, samples were subsequently incubated with 
DRAQ5 (BD Biosciences Limited, UK) at a concentration of 5 pM for 10 minutes at 
room temperature. Samples were careftilly brought into contact with a glass microscope 
slide with 15 pL of mounting medium Vectashield (Vector Laboratories, UK) on it. The 
excess of mounting media was wiped carefully with Kimwipe tissue and the edges of 
coverslip were sealed with nail varnish. Samples were examined via confocal 
fluorescence microscopy (Zeiss LSM 510 META) with appropriate filters and 
photography were taken.
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5.2.6 Fixing and drying techniques for AFM and SEM of cells on 
substrates
Following the allotted incubation time, cells were washed once with culture 
media and rinsed twice with PBS. Cells were then immersed for 10-15 minutes in 2.5 % 
glutaraldehyde in PBS solution. Cells were then rinsed twice with PBS solution 
followed by rinsing twice with deionized water before being allowed to dry in air at 
room temperature, until all the liquid had evaporated from the substrates. For SEM, cells 
were rinsed twice with phosphate buffer saline solution and deionized water and were 
then dried using critical point drying (CPD) where cells were dehydrated through a 
graded series of ethanol (10 minutes in each of 30%, 50%, 70%, 85%, 95% and 100% 
(v/v) ethanol). Fixed dried cells were stored at 4 °C until used for AFM or SEM 
analysis.
5.2.7 Confocal microscopy and image acquisition
Imaging was conducted by using a Zeiss LSM 510 META laser scanning 
confocal microscope. For the double stained cells, AlexaFluor phalloidin (actin stain) 
was excited with the argon laser line of 488 nm and DRAQ5 (nucleus counterstain) with 
the helium-neon laser line of 633 nm. The emission signals passed through the 505-530 
nm and 649-799 nm filters, respectively. All images were captured with either a Plan- 
Apochromat 40x or 63x/1.4 NA oil immersion phase objective and collected in 
multichannel mode. A multi track configuration was used in order to minimize any 
bleed-through effect from the different channel. Pinholes were set at 1 Airy unit (AU), 
which corresponds to an optical slice of 0.8 pm for both channels. All confocal data sets
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were of frame size 512 by 512 pixels, scan zoom of 1 and line averaged four times. All 
images were processed by using the Zeiss LSM browser and ImageJ software.
5.2.8 Atomic force microscopy and image acquisition
AFM imaging was performed in tapping mode using a commercial instrument 
(NTEGRA, NT-MDT, Moscow, Russia). Images were obtained from cells dried in air 
using a standard silicon nitride cantilever (NSG 10, NT-MDT). These cantilevers have a 
nominal spring constants in the range 3.1 to 37.6 N/m, and resonant frequencies ranging 
between 140 to 390 kHz. All the AFM images were captured using a constant scan rate 
at 1.00 Hz and scan size of 512 x 512 pixel. Imaging was performed in air at room 
temperature. Cover slips were placed cell-side-up on the AFM stage. Both cells and tip 
positioning were located using a light microscope incorporated in the AFM. Scan areas 
which included the whole area of interest (2500-10000 pm^) and a specific area (100- 
400 pm^) were studied. The height of the cell relative to the substrate was also recorded 
for some of the captured images.
5.2.9 Scanning electron microscopy and image acquisition
Cells which have been dehydrated through an ethanol/water series (30, 50, 70, 
85, 95 and 100% v/v) were allowed to dry for a few hours before being mounted on the 
aluminium stubs using Araldite glue and left overnight prior to being sputter coated with 
gold. Samples were sputter coated with a 2-5 nm layer of gold-palladium mixture for 
2 minutes in a partial pressure of argon atmosphere using the Emitech K575X Peltier 
cooled sputter coater. Samples were imaged using a field emission SEM (Hitachi S 
4000). The secondary electron detector was used to image the samples. The surface
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topography of both scaffolds and the cells on scaffolds were visualized at an 
accelerating voltage of 15 kV.
5.2.10 Contact angle measurement
Surface hydrophilicity was measured with a commercial instrument: Easy Drop, 
Kriiss GmbH, Germany. A 1 pL drop of deionized water was deposited onto the sample 
surface and the contact angle value was obtained.
5.2.11 Short term biocompatibility for attachment study
Cells on substrates were allow to grow and eventually reach approximately 90% 
confluence. This took 43 hours. The cells were fixed and stained with both phalloidin 
and DRAQ5 and then imaged using confocal microscopy. Each image of multi-stained 
cells obtained with the 63x objective was thresholded using the same threshold for all 
images. The images were then analysed using the image analysis software ImageJ, fi*om 
the United States National Institutes of Health,^^ in order to quantify the amount of cells 
that have adhered to and grown on the substrate. The quantification was done by 
evaluating the fraction of image areas that are occupied by cells. The statistical analysis 
was then carried out using Origin 6.1 (OriginLab, USA).
5.2.12 Quantitative analysis of CHO cell alignment and morphology
We wished to quantify the orientational alignment of cells on our aligned 
MWNT substrates, in a simple way with a minimum number of free parameters. To do 
this we needed to unambiguously determine the axis of a single cell. This was done by 
taking a confocal image of the cells that combines the blue (nucleus staining) and green 
(actin staining) channels and thresholding it to produce a binary black/white bitmap that
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was white over almost all the area of all the cells present, and black elsewhere. We 
discovered that varying the threshold within reasonable limits had little effect on our 
results. We then identified each cell or cluster of touching cells, as being a set of 
connected white pixels.
The (2D) moment-of-inertia tensor was then calculated for each cell and 
diagonalised. The eigenvector corresponding to the smaller eigenvalue is taken to define 
the long axis of the cell. The orientation angle 0 is then the angle this eigenvector makes 
with the horizontal in the images, which is the direction of alignment of the MWNTs. 
The elongation or aspect ratio of the cell is taken to be the square root of the ratio of the 
large to the small eigenvalue. The square root of the eigenvalues scale as the length 
squared. The size of a cell or cell cluster is its number of pixels times the area of a pixel, 
which is 0.0866 pm^ at 40x magnification. The analysis was performed for six images 
for the aligned MWNT substrates, four images for cells on the crossed MWNT 
substrates, and five images for the control glass substrates. All images used were 
confocal images at 40x magnification with both nucleus (DRAQ5) and actin (phalloidin) 
staining.
5.3 Results and Discussion
5.3.1 Substrate characterization
Two types of MWNT sheets were used in this study: isotropic (smooth and 
rough buckypaper) and anisotropic (aligned sheets). The characterizations of our 
anisotropic substrates aligned sheet are shown in the Figure 5.1, followed by the images 
of the crossed sheet and their characterizations in Figure 5.2. For crossed sheet, the
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direction of the top and the bottom layers of the aligned sheets are vertical and 
horizontal, respectively.
i
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Figure 5.1 The topography of the aligned MWNT sheets: (A) is an AFM height image 
and (B) is an optical microscopy image at 25x magnification. Both images are of a 
MWNT sheet on glass. The cells were grown on these MWNT-on-glass substrates. (C) 
is an SEM image and (D) is a higher resolution image of an MWNT sheet on silicon. 
The insert picture in (D) shows contact angle measurement of water droplet on the sheet. 
In (A), (B), and (D) the MWNT bundles are vertical whereas in (C) they are angled at 
approximately 45° to the vertical. (Images provided by Piyapong Asanithi).
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Figure 5.2 The topography of the crossed MWNT sheets. (A) and (B) are AFM height 
and phase images, respectively, of these substrates. An optical microscopy image at lOx 
magnification is shown in (C), and an SEM image of the crossed MWNT sheet on glass 
is shown in (D). (Images (A-B) provided by Piyapong Asanithi)
The root mean square (RMS) roughness of the sheets was obtained from heigt
images obtained via AFM scanning (tapping mode) of an area of 50 x 50 pm; see Figure
5.1(A) and Figure 5.3 ((A) and (D)). The isotropic smooth and aligned sheets have
similar RMS roughnesses of 60 and 51 nm, respectively. The RMS roughness for rough
buckypaper is 163 nm, about three times higher than the RMS of aligned sheets.
However, both the isotropic sheets are rather hydrophobic, while the aligned sheets are
moderately hydrophilic. The contact angles of water droplets are 123±5° on the isotropic
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smooth film, 121±5° on isotropic rough film and 73±5° on the aligned films. We believe 
that the lower contact angle of the aligned substrate is due to interaction of water with 
the (hydrophilic) glass underneath the MWNT bundles. Also, we note that the MWNT 
bundles will move when water is dropped onto the sheets. They are not stuck down and 
the air/water interface (of a water droplet or of the growth medium with cells) can exert 
significant forces, as can the cells themselves. Thus MWNT bundles may move due to 
the force of the growth medium/air interface when the growth medium flows across the 
substrate, and also possibly when the cells themselves pull on the bundles.
Thus, even with an almost complete coverage of the MWNTs on glass, it is 
possible that glass may be exposed in certain areas (as our contact angle measurements 
suggest). Then parts of the cell may contact and hence interact with the glass. As the 
MWNT bundles can move, our substrates should therefore be thought of as plastically 
deforming when the cells adhere to them and bind to and pull on the MWNT bundles. It 
is known that cells can sense and alter their behaviour in response to how compliant the 
substrate is. '^^’ ^  It is likely therefore, that the compliance of our substrates may be 
contributing to the response of the cells that we observe. Cells may behave differently 
on rigid substrates although they have similar topography to ours.
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Figure 5.3 The topography and hydrophilicity of the isotropic buckypaper. (A) is an 
AFM height image, (B) is an SEM image, and (C) shows a contact angle measurement 
of a water droplet. (A), (B) and (C) are all for the rough buckypaper. The bottom panels 
(D), (E) and (F) are an AFM image, an SEM image and a contact angle measurement, 
respectively, all for smooth buckypaper. (Images provided by Piyapong Asanithi)
5.3.2 Cells adhesion, morphology, and cellular patterning study: CHO 
cells
CHO cells are widely used in biological research, especially for test studies of 
cell-substrate interactions. This cell line was chosen due to the fact that it is well 
characterized, provides stable single cells, is sensitive to surface topography, and is not 
fastidious in terms of culture requirements. It also divides rapidly, with a population 
doubling time of ~ 14 hours. Three types of substrates with different topography and
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surface features were used in this experiment: isotropic smooth MWNT film, anisotropic 
aligned MWNT sheet, and bare glass as a control substrate. In addition, the response of 
CHO cells to crossed MWNT sheets and a single thread of MWNTs were also studied.
Twenty hours after seeding the cells onto the control, isotropic smooth film and 
aligned sheets of MWNTs, cells attached on these substrates were fixed and studied 
using confocal microscopy, AFM and SEM. Quantitative analysis of the alignment and 
elongation of the cells on respective substrates was subsequently carried out. The cells 
adhered and grew on both MWNT-based substrates but rather better on the aligned 
MWNT sheets (compare Figure 5.4 and Figure 5.5).
5.3.2 (a) Morphology of CHO cells on the glass and isotropic smooth MWNTs film
The cells on smooth substrates are mostly round in shape as shown in Figure 5.4
(C) and (D) but the cells on glass have spread and elongated in all directions, with very 
few of them showing circular morphology. Most cells attached and spread well on bare 
glass, with characteristic actin (green) fibres clearly seen in Figure 5.4 (A). However, on 
our smooth substrates the cells end up spreading with a small circular shape. From the 
merged confocal images (compare Figure 5.4 (A) with Figure 5.4 (C)), it appears that 
the cells cultured on the smooth buckypaper did not support cell adhesion as only a few 
cells attached and grew on the substrates compare to cells grown on glass coverslip.
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Figure 5.4 Confocal microscopy ((A) and (C)) and tapping mode AFM topography ((B) 
and (D)) of CHO cells on glass coverslips, and our isotropic substrates. (A) and (C) are 
merged images of actin staining (green), nucleus staining (blue), and Nomarski (DIC) 
images on glass and isotropic, respectively. (B) and (D) are tapping mode AFM height 
images of glutaraldehyde-fixed CHO cells on glass coverslip and isotropic substrates, 
respectively. (Images (B and D) provided by Piyapong Asanithi).
5.3.2 (b) Morphology of CHO cells on the anisotropic aligned and crossed MWNT 
sheet
It is clear that the cell shape is altered by seeding on the anisotropic aligned and 
crossed MWNT due to the phenomenon known as contact guidance. CHO cells show 
strong alignment with the grooves of the aligned MWNTs as revealed by both the 
confocal and the AFM images in Figure 5.5 (A), (B) and (C). Figure 5.5 (E) and (F)
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show AFM images of CHO cells attached to and spread on our crossed MWNT sheets. 
Some of the cells try to align in the vertical direction, following the top layer of the 
sheet. Although some cells appear to align on the crossed substrates most do not. One of 
the cells in the middle spreads in three directions. The white arrow in the confocal image 
(Figure 5.5 (D)) displays a cell that grew with triangular morphology on the crossed 
surface. The images of spread cells is much clearer in the AFM phase images than the 
height images, this is true on both substrates. The main reason for the clear AFM phase 
images are due to phase lag is affected by energy dissipation when the tip taps the 
surface. If a surface has a roughness with a large difference between peaks and valleys it 
is not possible to see features with smaller peak-to-valley height. The scale in phase 
images thefore sometimes show features that are not seen in theheight image, 
particularly when the surface is heterogenous.
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Figure 5.5 Confocal microscopy and AFM tapping mode images of cells on aligned and 
crossed sheets: (A-C) are cells on aligned substrates while (D-F) are cells on crossed
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substrates. Confocal images ((A) and (D)) are merged images of actin staining (green), 
nucleus staining (blue), and Nomarski (DIC) images. (B) and (E) are AFM height 
images, and (C) and (F) are AFM phase images. (Images (B, C, E and F) provided by 
Piyapong Asanithi).
CHO cells respond strongly to the nanoscale structure of our substrates, and so 
control over this nanoscale topography allows control over the cells. Therefore, we 
varied this nanoscale topography in space over lengthscales comparable to the size of 
the cell. Patterns were produced by forming gaps in the top MWNT sheet in one of our 
crossed MWNT substrates (Figure 5.6). We found that when the gap was comparable in 
size to the cells, cells bridged this gap. Also, the gap in the top sheet of MWNTs has to 
be near the cell diameter to allow cells to bridge the gap. AFM images of cells on 
crossed sheets with a gap between vertically aligned sheets close to the cell size (-12 
pm in width) are shown in Figure 5.6 (A) and (B). It is clear from the phase image that 
the lower cell has spread out across the gap.
II 2 4 u  i  111 I? ]4 Lk } f
Figure 5.6 AFM height (A) and phase (B) images showing CHO cells bridging the gap 
between two parts of a substrate covered with vertically aligned MWNT bundles. 
Although not easily visible in the images, underneath the vertically aligned MWNT 
bundles and in the gap between them are MWNT bundles oriented horizontally. The gap
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between the vertical bundles is approximately 10 pm across. Two cells are visible in the 
scan area of 18 pm x 18 pm and both of them are growing in the gap, i.e., on a single 
sheet of horizontally oriented MWNT bundles, and both are stretching out to adhere to 
the MWNT bundles on the sides of this gap. The images are obtained from tapping 
mode AFM of glutaraldehyde-fixed CHO cells. The images were taken after 20 hours 
incubation on the substrates. (Images provided by Piyapong Asanithi).
5.3.2 (c) Morphology of CHO cells on the MWNTs thread
We will now discuss the morphology of cells on a thread of MWNTs obtained 
from manipulation of the sheet. The two opposite ends of the thread were glued to the 
glass coverslip using nail varnish. In Figure 5.7, we show AFM images of a CHO cell on 
a thread of MWNTs. From the images, it seems that the cell grasps the nanotube thread 
and elongates along it.
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Figure 5.7 The morphology of CHO cells on a thread of MWNTs. The thread was 
obtained from one of our aligned sheets. AFM height image (A) and phase image (B) of 
the same area. The thread is continuous, and so runs underneath the cell. It is clearly 
visible in the phase image. (C) and (D) are confocal images showing cells growing on a 
thread as well as on fibres that branch from the thread. (D) is an overlay with a 
Nomarski (DIC) image. Actin and nuclear staining is green and blue, respectively.
Usually, there are many cells adhered to both the thread and bare cover glass 
around the thread with some of them either spreading over the thread or stretched out 
along the thread. Cells were also found to adhere and stretch along the fibers that are 
branching from the thread (see Figure 5.7 (C) and (D)).
Both the bridging behaviour and the stretching along the thread shows that large 
scale (-10 pm) features also influence cell morphology.
5.3.2 (d) Cell cytoskeleton organization and cell protrusions on both isotropic and 
anisotropic substrates
Both confocal microscopy and SEM are powerful tools in studying cells on 
substrates. Confocal microscopy allows viewing different molecular components and 
compartments of the stained cells. SEM on the other hand, allows observation of cells 
on substrates at higher spatial resolution.
Confocal microscopy gives us more information regarding the organization of 
cell nucleus and the cell cytoskeleton, called actin stress fibres. In Figure 5.8, cells on 
both isotropic and anisotropic substrates were stained with phalloidin and DRAQ5. 
Phalloidin stains the filamentous actin and DRAQ5 stains nuclei. The orientation of 
actin filaments is a major feature of cell morphology, which is related to cell function.
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Another easily measurable aspect of cell morphology is the elongation or roundedness 
of the cell’s nuclei. The orientation of both nucleus and actin stress fibers are 
proportionally related to the cell function. To conclude, cell function can be regulated by 
controlling the shape of cells and their nuclei.
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Figure 5.8 Split and merged confocal images of cells on the test substrates: Green is 
phalloidin (which stains actin stress fibers) and blue is DRAQ5 (stains nuclei). The 
organization and orientation of the actin cytoskeleton is easier to see in the single 
channel images (left-hand side).
Cells on aligned substrates show a degree of elongation with clear actin stress 
fibers becoming parallel to the MWNT bundles. However for cells growing on smooth 
buckypaper or on the control glass coverslips, the actin stress fibers have a more 
polygonal morphology with no apparent preferred direction. On the crossed substrates, 
some cells have actin stress fibres and a triangular morphology, but most do not. Large 
actin bundles (sometimes called stress fibres) are observed for cells on both the control 
and aligned substrates. We assume they end at focal adhesions where the cell binds to 
the substrates.^^’^  ^ Usually the spreading cells form abundant, parallel and highly 
ordered organized actin stress fibres both in the central and periphery of the cells. On the 
other hand, the round and unspread cells exhibit sparse actin filaments organization.
It is well known that the process of cell-substrate interaction, adhesion and 
spreading involves the reorganization of the cell cytoskeleton, in particular the cell’s 
actin microfilaments. So, labelling the specific cellular structure, i.e. actin stress fibres, 
facilitates observation of the morphological changes in cells to be assessed.
SEM complements confocal microscopy by providing better visualization at the 
submicron level of the morphological changes of cells that have taken place on the test 
substrates. Figure 5.9 and 5.10 show SEM micrographs of CHO cells grown for 20 
hours on the test substrates. Cells on our isotropic smooth substrates (Figure 5.10 (D)) 
adopted less well-spread morphologies with the cell bodies more or less spherical, 
compared to cells grown on control glass coverslips. As shown in Figure 5.9 (A), cells
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grew flat on the control glass coverslip, with a nucleus in the center. An SEM image at 
higher magnification (see Figure 5.9 (B)) shows abundant broad lamellipodia (indicated 
by the white arrow in the image) as well as fine protrusions: filopodia (indicated by 
yellow arrows) formed following cell adhesion. We class as lamellipodia any sheetlike, 
plasma membrane protrusions fi*om the cells, while we class as filopodia any thin, 
threadlike protrusions from the edge of a cell.^  ^ Both lamellipodia and filopodia have 
important functions such as sensing the surrounding environment, adhesion and 
migration.
High magnification SEM images clearly demonstrate that cells continuously 
extend numerous filopodia along the length of the cell body on all substrates. 
Intriguingly, although cells on aligned substrates aligned and elongated with their 
topographic pattern of nanotube grooves, the formation of filopodia however is not 
impaired. The aligned cells still can sense the surrounding environment without 
changing the alignment by simply extending the filopodia projection. Moreover, the 
formation of these threadlike protrusions has apparently no significant effect on cell 
alignment on the aligned sheet.
Cells on aligned substrates clearly stretch out and elongate along the nanotube 
grooves, as can be seen in Figure 5.9 (C). Moreover, cells on this substrate are typically 
flattened, indicating that they are well spread (see Figure 5.10 (A)). High magnification 
SEM images. Figure 5.9 (D) and 5.10 (B), reveal the morphology of physical contacts 
between the cells and the underlying substrates, in our case, the bundles of carbon 
nanotubes. Cells on the crossed MWNT substrate are also well spread (Figure 5.10 (C)). 
Cells on aligned and crossed MWNT substrates had similar filopodia protrusions to cells 
on a standard glass.
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It is known that cells with a rounded shape divide at a lower rate than the 
flattened ones. So, we expect that cells attached to substrates which barely spread will 
show lower proliferation rates than those which are well spread. Cell adhesion on 
substrates will influence both cell morphology and proliferation.
Figure 5.9 SEM images showing the morphology of cells and the formation of their 
physical contacts with the substrates. (A) and (B) are control substrates (glass coverslip). 
(C) and (D) are on aligned MWNT films (B) is a high magnification SEM image 
showing the formation of cytoplasmic protrusions for cell-cell and cell-substrates 
interaction. White and yellow arrows point to lamellipodia and filopodia, respectively. 
The inset image is an enlarged area of (B), showing clear structure of lamellipodia and 
filopodia. In (C), cells grew and elongated, following the topography of the aligned 
MWNT bundles underneath. Cells that grew on coverslip at the edge (shown as a red
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dotted line) of the MWNT film are observed trying to align with the bundles of the 
MWNT film. (D) is a higher magnification SEM image of cells on an aligned substrate.
(D) reveals abundant threadlike cytoplasmic protrusions, filopodia, extended from the 
cell’s body.
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Figure 5.10 SEM images of growing cells on aligned, crossed and isotropic smooth 
MWNT substrates. (A) and (B) show well spread cells on the aligned substrates. White 
double headed arrows in the image denote the MWNT bundle direction. (C) shows cells 
on a crossed MWNT film. Some of them have a triangular morphology, while cells on 
the isotropic MWNT film, shown in (D), appeared more spherical in shape.
To conclude, the SEM imaging revealed both the morphology of cells on the test 
substrates as well as the formation of physical contact between the cells and the 
substrates upon attachment. Cells grown on our test substrates formed abundant
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protrusions, known as lamellipodia and filopodia, similar to cells on control substrates 
(see Figure 5.9 and 5.10). The interaction between cells and the nanostructures indicated 
that cells interact strongly with and react to the structure of the substrates, by extending 
the cellular processes via cytoplasmic protrusions on the nanostructured substrates.
5.3.2 (e) Analysis of biocompatibility of the MWNTs
For CHO cells, we also performed a short term toxicity study in order to test the 
biocompatibility of our prepared substrates. This was done by allowing cells to grow for 
a further 23 hours, until they covered approximately 90% of the area of the surface. 
Cells were cultured for 20 hours, the growth medium was then changed and the cells 
were cultured for an additional 23 hours. For this experiment, only control and aligned 
MWNT sheets were used as very few cells attached on the isotropic buckypaper. Cells 
on substrates were firstly fixed, stained and then imaged using confocal microscopy. 
Confocal images obtained with the 63x objective were then analysed using the image 
analysis software Imaged, from the United States National Institutes of Health, in 
order to quantify the amount of cells that have adhered to and grown on the substrate.
Figure 5.11 shows the fraction of the substrate area covered by the cells, for both 
our aligned MWNT substrates and on control substrates. The quantification was done by 
evaluating the fraction of image areas that are occupied by cells, see the inset images in 
Figure 5.11. The coverage is 77 ± 7% on the glass control substrate and 65 ± 9% on the 
aligned MWNT substrate. The error bars for the coverage of the two substrates overlap 
so the cells appear to grow well on the aligned MWNT substrates similar to the cells on 
the control substrate. We did not observe any significant differences in the morphology 
of the cell’s nucleus (stained with DRAQ5) between the two substrates. We did not 
attempt to perform a long term toxicity study and so can draw no conclusions about
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long-term toxicity. However over the 43 hours of this study there is no evidence for any 
toxicity of the MWNTs. If the MWNTs are toxic to cells, it will result in reducing cell 
proliferation or exhibiting cell death. This is due to the fact that only spreading cells are 
able to proliferate and cell death can easily be detectable by assessment of the nucleus 
alteration.
Any toxicity of the MWNT over the approximately 43 hours will result in the 
cells not growing as rapidly, and so covering a smaller fraction of the substrate surface. 
Each image of multi-stained cells was thresholded using the same threshold for all 
images. This was done for 21 images obtained from three aligned MWNT substrates and 
for 11 images from two control glass substrates. These substrates were studied in two 
independent experiments. The statistical analysis was then carried out using Origin 6.1 
(OriginLab, USA).
Control
« 60-
Control Aligned MWNTs
Substrates
Figure 5.11 Graph showing a column plot for the percentage of the substrate covered by 
CHO cells after 43 hours. The inset pictures are images of cells on control and aligned
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substrates. They are typical of the images used in the calculation of the fraction of the 
area covered by cells. The left-hand images are the multi-stained confocal images before 
thresholding and the right-hand images are after thresholding.
5.3.2 (f) Quantitative analysis of CHO cells orientation and morphology
Figure 5.12 shows merged confocal images of actin staining (green) and nucleus 
staining (blue). The microscopy images are typical of a number of images taken and 
used for the quantitative analysis in Figure 5.13. In Figure 5.5 (B) and (C) we show 
AFM images of single cells on the aligned substrate. Note that the cell on this substrate 
is highly elongated along the direction of the MWNT bundles. We have quantitatively 
analysed the orientations of the cells on smooth buckypaper and aligned sheet in 
comparison to cells on the control. Figure 5.13 shows a polar plot relating to the angle 
the long axis of the cell makes with the direction of the MWNT bundles, against the 
elongation of the cell. Elongation is defined as ratio the major axis over the minor axis.
If we compare CHO cells on the aligned MWNT substrate with those on the 
glass control we see three main differences: I) many cells on the MWNT substrates 
align with the MWNT bundles; 2) some elongate along the axis defined by this groove; 
3) fewer cells cluster together compared to cells on the control substrate.
The most striking observation is the alignment of the cells with the MWNT 
bundles. On the aligned sheet, 80% of the cells have their long axis within 30° of the 
direction defined by the MWNT bundles. Cells with their long axis marked on them are 
shown in the inset of Figure 5.13. It is clear that cells detect and respond strongly to the 
anisotropy of the surface. Our substrates hold promise for use as scaffolds for tissue 
engineering applications where tissues with aligned cells are required such as tendon,
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cornea, nerve, and mnscle/^'^^ Most tissues in the body are composed of cells that 
are not only aligned but polar. We did not attempt to look at the polarization in our cells.
From confocal images, AFM images and the polar plot, it is clear that the 
morphology of cells is strongly affected by the presence of aligned MWNT in the 
substrate. A minority of the cells are not only aligned along the MWNT bundles, but 
they are also highly elongated. 16% of the cells on our aligned sheets have an anisotropy 
ratio of over 3:1. This ratio is defined as the square root of the ratio of the large to the 
small eigenvalue of the moment of inertia tensor. Note that very few cells/cell clusters 
have ratios greater than 3 on our control substrates, see Figure 5.13. However, many 
cells align without elongating, so stretching a large amount along the bundles is clearly 
not required in order to align them. Note the large numbers of cells in Figure 5.13 with 
small angles, 0, to the bundles but with elongations of around 2 or less. These small 
elongations are comparable to the typical elongations found on the glass control 
substrate. On the crossed substrate where the top and bottom sheets are perpendicular, 
cells did not align significantly with either the top or the bottom sheet.
The reduced clustering of the cells is apparent from the reduced mean area of the 
cells/cell clusters on the aligned MWNT substrate. This area is only 110 pm^ as opposed 
to 520 pm^ on the glass substrate. On the aligned MWNT substrate a large majority of 
the CHO cells are single cells, whereas most of them are in clusters on the glass surface, 
which increases the average area per cell cluster. We do not know why cells cluster less 
on our aligned substrates than on glass. They also cluster less on our isotropic smooth 
buckypaper, but this may be associated with the lower density of attached cells on these 
substrates.
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Figure 5.12 Multi-stained confocal images at 40x magnification used for the 
quantitative analysis of the orientation of cultured CHO on a bare glass coverslip, (A), 
on an aligned MWNT substrate, (B), and on smooth buckypaper, (C). The white arrow 
in (B) shows the direction of the MWNT alignment. White scale bar in the image is 50 
pm.
0 1 7 8
Figure 5.13 A polar plot for the elongation and orientation of cells or clusters of cells on 
our aligned MWNT substrates (red squares), on crossed MWNT sheets (black triangles)
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and on glass coverslips (blue circles). In this polar plot the distance from the origin, R, is 
the elongation minus 1 and the angle to the horizontal, 0, is the angle the long axis of the 
cell makes with the %-axis, which is the axis along which the MWNT bundles are 
aligned. In the case of control substrates, 0 is defined with respect to an arbitrary axis. 
The elongation is the ratio of the length of the long axis to length along an axis 
perpendicular to that axis. The numbers of cells or cell clusters are 191 for the aligned 
substrates, 95 for the crossed MWNT substrates and 31 on the control glass coverslips. 
The inset is an area of 40 pm x 40 pm firom one of our confocal images of cells on an 
aligned substrate. The image has been thresholded to produce a binary image and then 
each cell is shown in a different colour. The long axis of each cell is shown by a black 
line, which for convenience is chosen to be 10 pm long. (Analysis provided by Richard 
Sear).
To summarise, we have found that the nanoscale topographical features of our 
substrates significantly influence aspects of cell behaviour such as alignment, 
morphology, and cell-to-cell adhesion.
5.3.3 Cells adhesion, morphology and proliferation: Human hepatoma 
(Huh?) cells
In addition to CHO cells, we also studied a liver derived cell line. Huh? cells. 
Substrates with different surface features were used in the experiments: aligned 
buckypaper, smooth buckypapaper, rough buckypaper, and glass cover slips as a control. 
Huh? cells were allowed to grow on our prepared substrates for 24 hours in order to 
make sure the sufficient amount of cells attached on the substrates as this cell lines has a 
slower growth rate compared to CHO cells.
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5.3.3 (a) Morphology of Huh? cells on isotropic smooth and rough MWNT films
Cells on both our isotropic nanotubes sheets are well spread (see Figure 5.14). 
The morphology of cells on the buckypapers is similar to that of the cells on the bare 
cover glass. However, the cells on the bare glass formed bigger clusters of cells.
5.3.3 (b) Morphology of Huh? cells on the anisotropic aligned MWNT sheet
The optical image in the top panel of Figure 5.14 (A) shows cells on an aligned 
sheet, but with a noticeable gap in the MWNTs where there is bare cover glass. The 
image shows that the cells adhered to, and aligned strongly with the nanoscale grooves 
of anisotropic substrates. However, the optical images do not give much detail about the 
cell morphologies on the test substrates. The confocal and AFM images in the middle 
and bottom rows of Figure 5.14 (A) show that cells on the aligned substrates orient and 
align strongly with the MWNT bundles. From the confocal and AFM images, the cells 
are clearly stretched and elongated along the axis of the MWNT bundles. This is 
particular evident in the AFM height images shown in the bottom row of Figure 5.14 
(A)).
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Figure 5.14 Characterization of liver cells grown on our substrates. Each column is a
different substrate, from left to right: (A) an aligned MWNT sheet, (B) smooth
buckypaper, (C) rough buckypaper; and (D) glass coverslip. Rows are different imaging
techniques, from top to bottom: optical microscopy, confocal fluorescence microscopy,
and AFM height imaging. The results were obtained 24 hours after cell seeding.
Cells grown on both isotropic smooth and rough buckypaper exhibit round 
morphology similar to the cells grown on control glass coverslip. The significant 
difference is that cells grown on both smooth and rough buckypaper are less clustered in 
comparison to cells grown on control substrates. Cells on the control substrate formed a 
big cluster of cells (see Figure 5.14 D). Cells on aligned sheets also give the similar 
result, a reduction in cell clusters. Apart from that, cells on the aligned sheets also show
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strong alignment following the grooves of the MWNT as shown by the confocal 
microscopy and AFM images in Figure 5.14. (AFM images are provided by Piyapong 
Asanithi).
5.3.3 (c) Quantitative analysis of Huh? cells morphology based on AFM images.
The morphologies of Huh? cells growing on our substrates were analysed using 
confocal fluorescence microscopy and AFM microscopy. The elongation ratio of cells 
on the substrates was quantified by the ratio of cell’s major axis to its minor axis, as 
shown by the cartoon in the Figure 5.15. Only cells on the aligned substrates showed 
elongation and orientation. An example is shown in Figure 5.16(A). The cells’ major 
axis makes an angle of approximately 11.5° with the groove direction. Although some 
cells on the smooth, rough and coverslip substrates were elongated, the cells have no 
preferred orientation on these substrates. We define the elongation factor (E) as the ratio 
of length of the major axis of the cell to the length of the minor axis, minus 1. Thus, the 
value of E is 0 for a circle. The elongation factor was calculated for cells on each 
substrate, and is reported in the Table 5.1.
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Figure 5.15 A cartoon showing how the cell elongation was determined on the AFM 
height images. The length of the major and the minor axis of the ellipse were measured 
using the AFM analysis software. 0 in the image refers to the orientation angle, the angle 
the cell’s major axis makes with the direction of the nanotubes (the Y axis).
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Figure 5.16 AFM height images (left column), phase images (middle column), and the 
height profile along the green lines (right eolumn). Rows represent substrates; from top 
to bottom row: (A) aligned MWNT sheet, (B) smooth buckypaper, (C) rough 
buckypaper, and (D) cover slip. The results were obtained 24 hours after seeding with 
the cells. (Images and analysis provided by Piyapong Asanithi).
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In addition, the height or thickness of the cells from AFM analysis can be 
correlated to how much the cell spreads on the test substrates. The cell height (thickness) 
indicates how much the cell protrudes out of the XY plane. A well spread and hence 
flattened cell will have a smaller thickness. Table 5.1 shows the dimensions of the cell’s 
major and minor axis, their elongation factor as well as the thickness of the cells on each 
test substrates based on the AFM images in Figure 5.16.
Substrates
Length of major 
axis (pm)
Length of minor 
axis (pm)
Elongation 
factor, E
(ratio major to 
minor axis 
minus 1)
Thickness (pm)
Control 115.33 ±1.53 100. 45 ±2.08 0.15 ±0.02 1.10±0.10
Smooth
buckypaper
57.67 ± 2.52 56.33 ± 3.00 0.04 ± 0.02 0.26 ±0.01
Rough
buckypaper 100.33 ±2.08 90.33 ±3.05 0.11 ±0.02 0.80 ± 0.05
Aligned sheet 80.02 ± 1.15 12.00 ± 1.32 5.67 ± 0.03 0.70 ±0.01
Table 5.1 Comparison of liver cells spreading on different test substrates. The data are 
from the AFM height image of cells in Figure 5.16.
From the results shown above, we have demonstrated that the morphology of the 
liver-derived, Huh7 cell lines can be controlled by the nanoscale topography of the 
substrate. We also found that cell clustering was reduced on the aligned sheet in contrast 
to the cells on the bare cover glass. However, no significant difference was observed in 
the morphology between cells on glass and cells on the smooth and rough isotropic 
nanotubes sheets.
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To summarize, Huh? cells show favourable adhesion and spreading on our 
substrates with no significant difference compared to cells grown on the control. The 
changes in cell morphology may indirectly affect the cell function. The morphology of 
cells can be altered by altering the substrates. Thus, by varying the morphology of the 
substrates it is possible to have a notable effect on cell function. Drawing on previous 
studies (to be discussed in Chapter 6), we hypothesize that because of the altered cell 
morphology, the metabolic capacity or liver specific function (e.g. albumin secretion) 
will be increased for the case of aligned sheets. This study will be carried out and
explained in detail in the following chapter.
5.4 Conclusions
Here we have shown that both the widely studied CHO cells as well as the liver 
derived Huh? cells can be grown on both isotropic and aligned multi-wall carbon 
nanotube films. The films have features tens of nanometres high and with a comparable 
pitch. On the aligned sheets, almost all cells orient along the MWNT bundles. Some of 
the cells, but not all, stretch out and become long and thin. From the results of our 
quantitative analysis, it is clear that the alignment of cells can and does occur without a 
pronounced morphology change. We note however that although the cell morphology 
does not change significantly for most cells, the cells cluster much less on both our 
isotropic and aligned substrates than on glass. This is true for both CHO and Huh 7 
cells.
Thus, surface roughnesses of order tens of nanometres are enough to change the
cell behaviour. Teixiera et al. studied comeal epithelial cells on substrates with
grooves a little larger than our MWNT bundles but still nanoscale. They imaged the
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protein vinculin, a component of focal adhesions, and found that in their cells focal 
adhesions aligned with the grooves. Although we have not imaged focal adhesions here, 
we speculate that in our CHO and Huh? cells the focal adhesions may be lining up with 
the MWNT bundles and this aligns the bundles of actin inside the cell which in turn 
aligns the entire cell. Estevez et al. also showed how substrate topography directs the 
cell’s focal adhesions and cytoskeleton.
Other previous work has studied many cell types on a wide range of substrates 
with nanometre scale patterning. It has shown that this patterning affects cell adhesion, 
spreading and morphology. This includes earlier work with a number of different cell 
types on aligned substrates very similar to those used here. Most (but not all) cell 
types align themselves with the substrate pattern on aligned substrates; see the recent 
review of Bettinger et al.  ^Rebollar and co-workers have shown that CHO cells aligned 
on substrates with periodic grooves.^^ Their grooves have a period somewhat larger than 
the size of our MWNT bundles but the period was less than 0.5 pm. Thus, based on the 
work presented here and that of Galvan-Garcia et al. we would expect cells of most 
cell types to align themselves on our aligned substrates. Our substrates should therefore 
be useful for producing tissues in which it is necessary to align the cells.
We also looked at patterned substrates, i.e. substrates where the MWNT 
coverage was non-uniform over length scales of order the size of the cell or larger. We 
found with our MWNT threads that a cell could adhere and stretch along the thread, see 
Figure 5.7, forming a strongly elongated morphology not found for cells on 
conventional glass substrates. The cell morphology is similar to that found on fibres 
made via two-photon polymerisation.^^ However, our substrates are made from MWNTs 
using simple physical chemistry techniques. No lithography or photopolymerisation is
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required. We believe that our substrates with their nanoscale topography, and the 
potential to pattern them, provide a versatile and simple-to-work-with substrate for 
producing tissues of aligned cells. Future work could also exploit the high conductivity 
of the MWNTs and the sensitivity of this conductivity to the immediate environment to 
produce substrates that are able to sense cell growth on them. Our promising results on 
the morphology of Huh? cells grown on our MWNT based substrates will exploit the 
applications of CNTs in liver tissue engineering and are presented in the next chapter. 
To date, little to no publications have been published regarding culturing liver cells on 
CNTs based scaffolds.
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Chapter 6: Human Hepatoma (Huh?) Cells and 
Primary Rat Hepatocytes (PRH) Cultured on 
Multiwall Carbon Nanotube Substrates - studies of cell 
morphology, proliferation, and liver-specific function 
for liver tissue engineering and drug discovery 
applications
Chapter 6 presents research carried out to explore the use of two and three 
dimensional scaffolds of multi-walled carbon nanotubes (MWNTs) for applications in 
liver tissue engineering and drug discovery. In these experiments, immortalized, human 
hepatoma (Huh?) and primary rat liver hepatocyte cells were cultured and studied on 
both two dimensional (aligned MWNT sheets) and three dimensional (MWNT yams) 
substrates based on carbon nanotubes. Previous studies have shown that MWNT sheets 
and yams prepared by solid-state fabrication are biocompatible and suitable as culture 
substrates for cell adhesion, migration, proliferation as well as differentiation.^
In addition, the topographic features of both MWNT sheets and yams are on the 
same length scale as that of the extracellular matrix (ECM), and the MWNTs are 
aligned, as the collagen fibers of the ECM can be.^ Cell fiinctions can be modulated by 
culturing cells on synthetic materials mimicking ECM with controlled nanoscale 
topography.^ These materials are required for successful tissue engineering. In this 
chapter we present results for the effect of MWNT substrates on immortalized and 
primary liver cell behaviour including adhesion, morphology, proliferation as well as 
liver specific cell function (e.g. albumin synthesis and liver enzyme activity).
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6.1 Introduction
The liver is the largest internal gland in the body, located on the upper right side 
of the abdominal cavity, it performs a number of tasks and is the only organ in humans 
with the ability to regenerate. A single liver cell is responsible for more than 500 
different chemical processes essential to life such as the synthesis of albumin, 
production of bile salts, detoxification of ammonia, filtering harmful substances from 
the blood and metabolizing xenobiotic compounds. Xenobiotic refers to the foreign 
compounds introduced to the body, for example carcinogens, environmental chemicals, 
pollutants, drugs or steroids. Xenobiotic metabolism refers to the biotransformation 
process that takes place in the body, that performs the elimination of foreign and 
undesirable compounds from the body."^  Biotransformation occurs in many tissues, 
notably the kidney, intestines, and lungs, but the liver is the major organ and site for 
metabolism.
Biotransformation in the liver can be divided into two stages, called Phase I and 
Phase II drug metabolism.^’^  Certain drugs will only undergo Phase I while most 
undergo Phase I and then Phase II. Phase I metabolism involves mainly oxidation, 
reduction, hydrolysis and/or hydration reactions of the drugs, with oxidation being the 
most prevalent chemical process. Oxidation reactions of the drug during Phase I are very 
often catalyzed by members of a class of hepatic enzymes referred to as the cytochrome 
P450 superfamily. In this phase of metabolism, a functional group (most commonly a - 
OH group) is added to the drug molecule, or revealed (for example in case of 
déméthylation where a -C H 3 group is removed). This has the joint effects of creating a 
reactive centre for Phase II metabolism and making the metabolite more water-soluble, 
thus increasing its rate of clearance from the body.
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If Phase I is known as modification reactions, Phase II drug metabolism refers to 
biotransformation reactions known as conjugation reactions, that serve as a further 
detoxifying step in drug metabolism/ During Phase II drug metabolism, the Phase I 
derivatives are made more water soluble through several conjugation reactions such as 
glucuronidation, sulfation, acétylation, méthylation, or conjugation with glutathione. 
Drug metabolizing enzymes (DME) or xenobiotics metabolizing enzymes (XME) play 
important roles in the biochemical alteration, metabolism and/or detoxification of 
foreign compounds introduced to the body, and are responsible for catalyzing both 
Phase I and II reactions. With respect to Phase I metabolism, cytochrome P450 enzymes 
(CYPs) are very versatile catalysts, and are known to metabolize more than 85 % of 
drugs launched on the market.
The cytochrome P450 family is a large group of hepatic enzymes encoded by the 
P450 gene superfamily and as we have already mentioned these cytochrome P450 
enzymes play important roles in the metabolism of drugs and other xenobiotic 
compounds. Cytochrome P450 enzymes are membrane bound proteins, containing a 
heme moiety, have a molecular weight of about 50 kDa, and are found mainly in the 
endoplasmic reticulum of the liver. In the reduced state, this enzyme binds to ligands 
such as carbon monoxide (CO) and the complex between cytochrome and CO exhibits 
absorption of light at a maximum wavelength near 450 nm, hence the name cytochrome 
P450.^^ A variety of enzymes within this group have broad affinities for particular 
substrates and certain enzymatic reactions will lead to the formation of specific types of 
products (metabolites).
Furthermore, following specific types of exposures or treatments with inducing 
chemicals, the rates in liver cells of different P450 enzyme catalysed reactions can be
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altered, induced or inhibited. Cytochrome P450 induction is one of the main 
mechanisms for pharmacokinetics of drug-drug interactions. Screening of enzyme 
induction usually involves the use of primary hepatocytes culture as a standard. 
Hepatocytes are the cell type in the liver that express the majority of the cytochrome 
P450 enzymes. These hepatocytes contain native receptors as well as enzymes of 
interest for induction studies.
The liver consists of epithelial tissues with a three dimensional architecture and 
polarized cells (see Figure 6.1). Epithelial cells of the liver are characterized by their 
asymmetric cell surface arrangement: a basolateral membrane that contacts with the 
ECM, the lateral membranes that contact with neighboring cells, and an apical 
membrane that contact with the sinusoid. Hepatocytes are the major cells of the liver, 
also known as parenchymal cells. These highly differentiated cells make up around 60- 
80% of the cell population of the liver. Some other liver cells are non-parenchymal cells, 
for instance Kupffer cells, stellate cells, and sinusoidal endothelial cells. Hepatocytes are 
the key functional cells of the liver, and they hepatocytes perform critical physiological 
functions of the liver ranging from protein synthesis to detoxification and metabolism.
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Figure 6.1 A schematic diagram illustrates the polarization of cells in the liver and the 
arrangement of the cells in the liver. The space between hepatocytes and sinusoid is 
named the space of Disse. Hepatocytes are arranged as a cords and the lateral surfaces 
between two adjacent hepatocytes form bile canaliculi.
Nowadays, there is an increased interest in improved in vitro model systems for 
studying drug metabolism and related liver toxicity. We wish to reduce animal testing 
due to its high cost as well as ethical i s s u e s . A  number of drug metabolism studies 
have been performed using in vitro liver cell models, for example liver slices, liver cell 
lines or intact primary hepatocytes culture. Liver is studied since it is the main organ 
involved in drug metabolism. Cultured cells (e.g. immortalized liver cell lines or intact 
hepatocytes) offer advantages for experiments but the activity of their liver specific 
enzymes such as cytochrome P450 is low.
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Hepatocyte cells in a conventional monolayer culture do show liver-specific 
activity but they rapidly lose liver-specific enzyme activity, and are then useless for 
toxicity testing. The sandwich culture of primary hepatocytes, either between double 
layers of ECM or synthetic matrix, validates the 3D in v/vo-like arrangement which is 
required to create in vitro model liver for drug discovery. This sandwich culture is the 
standard for studying drug metabolism, enzyme induction and toxicity studies.^^ Primary 
hepatocytes cultured in sandwich configuration maintain hepatocyte-specific functions 
such as morphology (polynucleation, polarized phenotype, and functional bile 
canalicular network), albumin secretion, and intrinsic metabolism (glycogen storage, 
lipid metabolism and urea synthesis). The hepatocytes also show Phase I and Phase II 
metabolism (for example CYP3A4, CYP1A2, CYP2C9, uridine diphosphate- 
glucuronyltransferase (UGT) and glutathione S-transferase (GST) activity), as well as 
transporter function (efflux transporters e.g. multidrug resistance type I P-glycoproteins 
(P-gp) and multidrug resistance associated proteins (MRP)), and intrinsic metabolism 
(glycogen storage, lipid metabolism and urea synthesis).
There is extensive research showing that the cellular behaviour of cells growing 
on a substrate is strongly affected by changing the substrate’s surface topography.^" '^^  ^
Here, we show that the morphology of the liver-derived human hepatoma (Huh?) cell 
line can be controlled by the nanoscale topography of the substrate. The sheets and yams 
induced dramatic changes in Huh? cell morphology, where cells grew to confluent with 
elongated and aligned morphology along the nano-grooves/ridges. In addition, cell 
clustering was reduced on the aligned sheet in contrast to the cells on the control 
substrate: fiat glass coverslips. We also found that albumin production was enhanced on 
the MWNT substrates compared to the cells on the control substrates.
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Huh? cells show favourable adhesion and proliferation on our substrates with no 
significant difference in terms of cell viability, as measured by XTT absorbance. The 
morphology of cells can be altered by altering the substrates and the changes in cell 
morphology are reflected in changes in cell function. So, controlling the substrates 
where cells grow allows some control of the cell function. Our substrates offer control 
over topography on both the micro and the nanoscale.
In addition, we also cultured primary rat hepatocytes on our substrates. In vitro 
toxicology tests for new drugs are normally done using primary hepatocytes.^^’ All 
new drugs must be tested for potential liver toxicity. Our current study focuses on 
developing two dimensional (2D) and three dimensional (3D) biocompatible MWNT 
scaffolds that regulate the cell environment, and so contribute to successfiilly 
maintaining polarity and metabolic functions of in-vitro hepatocytes. Data is presented 
for several liver-cell characteristics including cell adhesion and morphology, albumin 
production, and Phase I metabolism, in particular the activity of hepatic xenobiotic- 
metabolizing enzymes of cytochrome P450 (CYPIA and CYP3A).
Primary rat hepatocyte cells cultured on both monolayer and sandwich culture 
configurations were monitored and evaluated by means of optical microscopy and 
confocal fluorescence microscopy. Preliminary results show that hepatocytes adhered to 
our scaffolds, aligned along the longitudinal nanoscale grooves formed by the MWNTs. 
Although the results are preliminary they suggest that hepatocyte characteristics such as 
albumin production and the enzyme activity are enhanced for cells on our scaffolds 
based on MWNTs.
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6.2 Experimental Methods
6.2.1 Preparation of aligned MWNT Sheets
The sheets were drawn from the sidewall of a MWNT forest, which was 
synthesized by catalytic chemical vapour deposition/^’^  ^ The preparation of aligned 
MWNT sheets is similar to the one explained in the previous chapter in section 5.2.1. 
The main differences are that the anisotropic aerogel sheets of aligned MWNTs, drawn 
from the sidewall of the forest via sharp-edge compression with a standard straight-edge 
razor blade, were applied directly to the glass coverslip. Then, the sheets were densified 
along the alignment direction of the nanotubes with isopropyl alcohol (IP A) and allowed 
to air-dry. Figure 6.2 shows step by step how the sheets were prepared.
t r A iN iF SS  S T C e r
iffiiil  lu l l  • ■ f
Fig. 6.2 Step by step process of preparing aligned MWNT sheets. (A) The edge of the 
MWNT forest was compressed at an approximately 45 degree angle using a standard 
razor blade. (B) The sheet was pulled to the first stainless steel bar using micro-forceps. 
(C) Continue drawing over in a wrapping motion of first bar and drawing the sheet to
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the second bar once the desired width is achieved on first bar. (D) Firmly hold coverslip 
with forceps and (E) carefully apply prepared sheet to the bottom side of the coverslip. 
(F) Finally, prepared sheets were densified with IP A with the substrates angled at a 45 
degree angle, allowing the alcohol to run downwards.
6.2.2 Preparation of MWNT Yarns
The MWNT yam is fabricated by twisting of the sheet as it is drawn to form a 
single ply yam. A 6 ply yam was prepared by twisting six single ply yams around each 
other. The yams used in these experiments were not functionalized or chemically 
treated. Free standing yams were placed horizontally onto a custom designed 
experimental device fabricated of polydimethylsiloxane (PDMS; Slygard 184, Dow 
Coming). PDMS prepolymer was poured into the glass Petri dish and cured at 100 °C 
for 45 minutes in the vacuum oven. The PDMS was cut as required with a scalpel blade. 
Some designs of PDMS fabricated for free standing MWNT yams are shown in Figure 
6.3.
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Figure 6.3 PDMS device fabricated for free standing MWNT yams. The circular (A) 
and square (B) designs of the PDMS. MWNT yams placed onto circular (C) and square 
(D) custom PDMS. Blue and red arrows in the (C) and (D) refer to single ply and multi 
plied yams, respectively.
Both MWNT sheets and yams were sterilized by immersion in 70% ethanol 
(ETOH) for five minutes and then allowed to air dry in a sterile culture hood, then 
exposed to ultraviolet light for 15 minutes prior to cell seeding.
6.2.3 Characterization of aligned MWNT sheets and yarns
Details regarding characterization of aligned MWNT sheets were explained in 
the previous chapter, section 5.3.1. The topographies of MWNT yams were 
characterised using SEM (Hitachi S4000). Studies of the changes of both aligned 
MWNT sheets and yams topographies following coating with collagen solution were 
also carried out using SEM.
6.2.4 Huh? Cell Culture
The human hepatoma cells (Huh?) were provided by our collaborator in the 
Faculty of Health and Medical Sciences, University of Surrey, Dr. Nick Plant. The cells 
were cultured in DMEM supplemented with 10% FBS, 1% (v/v) of antibiotics solution 
(penicillin and streptomycin) and 1% (v/v) non-essential amino acids. Details about 
culturing Huh? cells were discussed in section 3.3.1 (a). Huh? cells were passaged every 
3 days, and for experiments, only cells up to passage number 19 were used. Cells were 
seeded on test and control substrates and cultured under humidified atmosphere at 3? °C 
with 5% CO2. Huh? cells were seeded at a density of -  5 x 10"^  cells per mL (ImL/well)
19?
in the case of aligned MWNT sheets, and at 5 x 10 cells per mL (ImL/well) for MWNT 
yams.
6.2.5 Primary Rat Hepatocytes
Plateable, cryopreserved primary hepatocytes (from male Sprague-Dawley rats) 
were purchased from Invitrogen (Paisley, UK). Cells were cultured in complete DMEM 
media supplemented with 10% FBS, 1% (v/v) of antibiotics solution (penicillin and 
streptomycin) and 1% (v/v) non-essential amino acids. Culturing is carried out under a 
humidified atmosphere at 37 °C with 5% CO2. Details about thawing cryopreserved 
hepatocytes and culture maintenance were discussed in section 3.3.1 (c). For primary 
cells, the post-thaw viability of hepatocytes cells is more than 70%, as assessed using 
trypan blue exclusion. A cell suspension was diluted to the desired cell seeding 
concentration and then seeded on test and control substrates pre-coated with collagen 
Type I solution.
6.2.6 Collagen coated substrates
Control and test substrates placed in 6-well plates were pre-coated with rat tail 
tendon collagen solution (1 mg/mL) ovemight at 4 °C and kept on ice. Prior to cell 
seeding, substrates were washed with PBS followed by culture medium. Finally, a cell 
suspension at a concentration of 1 x 10  ^ cells per mL was added to each well and 
incubated at 37 °C (see Figure 6.4 (A)).
6.2.7 Collagen sandwich culture
In the case of sandwich culture configuration, following ovemight incubation, 
both culture medium and the unattached cells were firstly removed then the second layer
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of collagen solution (1 mg/mL) was overlaid on the top of the culture for an additional 8 
hours (Figure 6.4 (B)). After that, 2 mL of pre-warmed eulture medium was added on 
top of the second layer collagen gel, and then the medium was changed on a daily basis 
until the eulturing is over.
(A) Monolayer configuration
Aligned MWNTs
(B) Sandwich configuration
Thin layer of collagen Type 1
Hépatocytes
Figure 6.4 Schematic diagrams showing two configurations for culturing primary rat 
hepatocytes, namely (A) monolayer and (B) sandwich culture. For a control, the aligned 
sheets were replaced with flat coverslips.
6.2.8 Fixing and fluorescent staining of F-actin, albumin and the nuclei 
of cells on substrates
The cell-seeded substrates were washed with PBS and fixed for 20 minutes with 
4% paraformaldehyde prepared in PBS. After fixation, the samples were rinsed gently 
with PBS and then permeabilized with 0.1% non-ionic surfactant, Triton X (Sigma) 
prepared in PBS (PBST) for 5 minutes. Samples were then thoroughly washed with PBS
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and stained. Samples were incubated with AlexaFluor phalloidin (Molecular Probes) at a 
concentration of 22 nM for 30 minutes at room temperature to stain F-actin.
The procedure for staining the albumin secreted by the cells is as follows. After 
fixation and permeabilization the samples were then blocked in blocking buffer (5% 
bovine serum albumin (BSA) in PBS) for 60 minutes. Samples were then washed three 
times with PBS and incubated with primary antibody, anti-albumin antibody produced 
in chicken (1:1000; Sigma) overnight at 4 °C. Next, samples were washed twice with 
PBS followed by PBST and then incubated with secondary antibody, rabbit anti chicken 
IgY (IgG) conjugated to the fluorescein isothiocyanate (FITC) (1: 500; Sigma) for 60 
min at 37 °C. After rinsing with PBS, samples were subsequently incubated with 
DRAQ5 (BD Biosciences Limited) at a concentration of 5 pM for 10 minutes at room 
temperature.
In the case of aligned MWNT substrates, samples were carefully brought into 
contact with a glass microscope slide with 15 pL of mounting medium Vectashield 
(Vector Laboratories, UK) on it. Excess of mounting media was wiped away carefully 
with Kimwipe tissue and the edges of coverslip were sealed with nail varnish. Samples 
were examined via confocal fluorescence microscopy (Zeiss LSM 510 META) with 
appropriate objeetives and filters.
6.2.9 Fluorescent staining of mitochondrial structural of cells on 
substrates
Mitochondrial structural was analyzed by confocal microscopy by staining the 
mitochondria using the fluorescent mitochondrial marker: MitoTracker Red dye. Huh? 
cells cultured on aligned MWNT substrates and glass coverslips were simply incubated
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with 200 nM of the MitoTracker Red probe staining solution for 30 minutes and directly 
observed with confocal fluorescence microscopy.
6.2.10 Confocal microscopy and image acquisition
Imaging was conducted using a Zeiss LSM 510 META laser scanning confocal 
microscope. For the multi stained cells, AlexaFluor phalloidin (actin stain) or albumin 
stained with an anti albumin antibody using a FITC labeled secondary antibody was 
excited with the argon laser line of 488 nm and DRAQ5 (nucleus counterstain) with the 
helium-neon laser line of 633 nm. The emission signals passed through the 505-530 nm 
and 649-799 nm filters, respectively. MitoTracker Red (mitochondrial marker) was 
excited with green helium-neon laser line of 543 nm. The emission signals passed 
through the 565-615 nm filters.
All images were captured using either the plan-neofiuar lOx air and 40x oil 
objectives, or the plan-apochromat 20x air and 63x oil objectives, and collected in 
multichannel mode. A multi track configuration was used in order to minimize any 
bleed-through effect fi"om the different channels. Pinholes were set at 1 Airy unit (AU), 
which corresponds to an optical slice of 0.8 pm for both channels. All confocal data sets 
were of frame size 512 by 512 pixels, scan zoom of 1 and line averaged four times. All 
images were processed by using the Zeiss LSM browser and Image! software.
6.2.11 Optical microscopy
The images of cells grown on both control and test substrates were taken using a 
phase contrast mode of the Nikon Eclipse TS 100 light microscope.
201
6.2.12 Fixing and drying techniques of cells on substrates and 
substrates coated with collagen for SEM
Following the allotted incubation time, cells were washed once with culture 
media and rinsed twice with PBS. Cells were then immersed for 10-15 minutes in 2.5% 
glutaraldehyde in phosphate buffer saline solution. Cells were then rinsed twice with 
phosphate buffer saline solution followed by rinsing twice with deionized water before 
being allowed to dry in air, at room temperature, until all the liquid had evaporated from 
the substrates. For SEM, cells rinsed twice with phosphate buffer saline solution and 
deionized water, were then dried using critical point drying (CPD) where cells were 
dehydrated through a graded series of ethanol 30%, 50%, 70%, 85%, 95% and 100% (10 
minutes in each). Fixed dried cells were stored at 4 °C until ready for SEM analysis. In 
addition, for SEM observation of substrates coated with collagen, similar fixing and 
drying protocol were followed in order to preserve the collagen.
6.2.13 Scanning electron microscopy and image acquisition
Cells on collagen coated substrates which have been dehydrated through an 
ethanol/water series (30, 50, 70, 85, 95 and 100%) were allowed to dry for a few hours 
before being mounted on aluminium stubs using Araldite glue, and left overnight prior 
to being sputter coated with gold. Samples were sputter coated with a 2-5 nm layer of 
gold-palladium mixture for 2 minutes in a partial pressure of argon atmosphere using the 
Emitech K575X Peltier cooled sputter coater. Samples were imaged using a field 
emission SEM (Hitachi S-4000). The secondary electron detector was used to image the 
samples. The surface topography of both scaffolds and the cells on scaffolds were 
visualized at an accelerating voltage in the range of 10 to 15 kV.
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6.2.14 Cell proliferation on scaffolds studied via XTT colorimetric 
assay
The reduction of the colourless second generation tétrazolium dye, XTT (sodium 
2, 3, -bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-
tetrazolium inner salt) by metabolically active cells to the water soluble, bright orange 
compounds of formazan, was determined using the Cell Proliferation Kit II. The 
reduction of XTT is an indicator of the metabolic activity due to the fact that it is a 
substrate for the intracellular and plasma membrane oxidoreductases (PMOR). So XTT 
can be used for cell proliferation and cytotoxicity assays. The assays were performed 
after culturing cells on scaffolds for 0, 24, 48, 72 and 96 hours. Cells were washed twice 
with warmed culture media, and then 1000 pL of XTT reaction mixture was added to 
each well containing 1000 pL of culture media. The reaction mixture consists of XTT 
reagent and activation or electron coupling reagent, PMS (N-methyl dibenzopyrazine 
methyl sulfate). Cells were incubated with XTT reaction mixture for 4 hours at 37 °C. 
After incubation, 150 pL of media from each well was removed and transferred to a 96- 
well plate. Then the absorbance was measured by reading the assay plate at the test 
wavelength of 490 nm and using the reference wavelength of 650 nm. A microplate 
reader (Multiscan RC, Lab systems) was used in order to read the spectrophotometrical 
absorbance of the XTT reduction product.
6.2.15 Carboxydichlorofluorescein diacetate (CDFDA) assay
The formation of functional bile canaliculi networks was examined by 
fluorescence microscopy. Primary rat hepatocytes in sandwich culture configuration 
were rinsed twice with 2 mL of a standard buffer. Hank’s balanced salt solution (HBSS)
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with calcium and magnesium. Cells bathed in HBSS were returned to the 37 °C 
incubator for 10 minutes and the buffer was then replaced with HBSS containing lOpM 
5 (and 6)-carboxy-2', 7'-dichlorofluorescein diacetate (0.1% DMSO). CDFDA is rapidly 
hydrolyzed to fluorescent carboxy-dichlorofluorescein (CDF) following passive 
diffusion into hepatocytes; however, its excretion is dependent upon the formation of 
functional bile cannaliculi and correct localisation of the membrane transporter MRP2. 
CDFDA is hydrolyzed to fluorescent carboxy-dichlorofluorescein (CDF) following 
passive diffusion into the hepatocytes that have maintained cell polarity. Cells were 
incubated in the presence of 10 pM CDFDA for 30 minutes at 37 °C. After 30 minutes 
of incubation, the buffer was removed and 2 mL of standard buffer was added. Both cell 
morphology and bile canalicular network formation were imaged with an inverted Nikon 
Eclipse TS 100 microscope in phase contrast and fluorescence mode (using green 
(FITC) filter cube).
6.2.16 Cytochrome-P450 (CYPs) activity
CYPIA and CYP3A activity in both immortalized (Huh7) and primary (rat 
hepatocyte) cell lines was measured using a P450-Glo assay kit (Promega). For primary 
rat hepatocytes, only cells in sandwich culture configuration were observed. Cells were 
allowed to attach and grow for predetermined periods of time and then the culture 
medium was replaced with medium containing the P450 luminogenic substrates, 
Luciferin-ME (CYPIA) or Luciferin-PPXE (CYP3A), prepared in DMEM medium. The 
final concentrations of Luciferin-ME and Luciferin-PPXE were 200 pM and 50 pM, 
respectively. Cells were incubated with both P450 substrates for 4 hours at 37 °C. At the 
end of the incubation time, 50pL of the culture medium was transferred to an opaque 96 
well plate and subsequently mixed with the equal amount of luciferin detection reagent
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containing luciferase. The mixtures were incubated for further 20 minutes, and the 
resulting light intensity was correlated to CYPIA or CYP3A enzyme activity. The 
intensity was measured using a luminometer (LumiCount, Packard) and expressed in 
relative luminescent units (RLU).
6.2.17 Cytochrome-P450 (CYPs) induction
To examine the ability to induce CYPIA and CYP3A enzyme expression, 
cultures were treated with lOpM of a CYPIA inducer named B eta-Naphthoflavone (P~ 
NF), or a CYP3A inducer named Dexamethasone (Dex), for 48 hours. Stock solutions of 
CYP450 inducers were prepared as a lOmM solution in DMSO, which was then diluted 
in phenol red and FBS free DMEM medium to 10 pM (so that the final concentration of 
DMSO is 0.1%). Control cultures were treated with vehicles alone, 0.1% DMSO. After 
treatment with inducers, the culture medium was replaced with medium containing the 
P450 luminogenic substrates, Luciferin-ME (CYPIA) at a final concentration of 200 
pM or Luciferin-PPXE (CYP3A) at a final concentration of 50 pM. Following 
incubation for 4 hours at 37 °C, 50pL of the culture medium was transferred to an 
opaque 96 well plate and subsequently mixed with an equal amount of luciferin 
detection reagent containing luciferase. The mixtures were incubated for a further 20 
minutes to stabilize the signal and both CYPIA and CYP3A enzyme activities were 
measured using a luminometer. The fold induction was determined by calculating the 
ratio of the CYP-dependent luminescence from treated cultures to the luminescence 
from untreated, control cultures.
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6.2.18 Luminescent cell viability assay
The measurements of CYPIA and CYP3A induction were normalized to the 
number of viable cells. This viability assay was performed using the same cultures used 
to determine CYP1A/3A enzyme activity. The still intact and viable cells in culture were 
estimated using a CellTiter-Glo® Luminescent Cell Viability Assay (Cat No: G 7570). 
CellTiter-Glo is an assay of the amount of the ATP present, which is an indicator of 
metabolic activity. This assay quantified the amount of ATP which can be correlated to 
the number of proliferating cells. Fresh culture medium (1000 pL) was added to each 
well and plates were allowed to equilibrate to room temperature for 30 minutes before 
1000 pL of CellTiter-Glo reagent was added to each well. Following addition of 
CellTiter-Glo reagent to the cultured cells, plates were shaken for a few minutes to mix 
completely the reagent and samples of cultured cells. Plates were further incubated at 
room temperature for 20 minutes to stabilize the signal, and finally the luminescence of 
each sample was measured in a plate-reader, a luminometer. CYP1A/3A activity was 
expressed in terms of viable cells by normalizing the luminescent signals of the GYP 
1A/3A assay to the luminescent signals of the viability assay.
6.2.19 Statistical Analysis
Experiments were repeated at least two to three times with duplicate samples for 
each condition and the statistical graphs and analyses were performed using GraphPad 
Prism 5.0 (GraphPad Software). Data are expressed as the mean ± standard deviation. In 
the case of qualitative results (based on images), usually four to five images were taken 
fi-om two or three different samples for each condition of studies.
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6.3 Results and Discussion
6.3.1 Substrate characterization
In Figure 6.5 we show optical micrographs of aligned MWNT sheets, and single 
and 6-ply yams. Figure 6.6 is an image of MWNT sheets and yam topography before 
and after coating with rat tail collagen. The average diameter of single ply and 6 ply 
yams was determined using SEM and image analysis, and were found to be 26.86 ± 3.09 
and 67.50 ± 9.36 pm, respectively.
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Figure 6.5 Optical micrograph of the prepared substrates. From left to right: (A) an 
aligned MWNT sheet, (B) a single-ply yam, and (C) a 6-ply yam.
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Figure 6.6 Topography of the aligned sheet (2D) and yams (3D) substrates before and 
after eoating with collagen solution. MWNT sheet (A), single-ply yam (C) and 6-ply 
yam (D), all without collagen eoating. The aligned MWNT sheet (B), and single-ply 
MWNT yam (E) following eollagen coating.
6.3.2 The modulation of cell morphology, proliferation and liver 
specific function: immortalized Huh? cells
6.3.2 (a) Characterization of Huh? cell morphology
Cellular morphology of Huh? cells on substrates was observed using phase 
eontrast light microscopy, confocal fluorescent mieroscopy, and scanning electron 
microscopy. Cells attached on the control substrate, glass coverslips, were randomly 
oriented, retained a round morphology and formed flat, bigger cell clusters (the left 
panel in Figure 6.7). In eontrast, most of cells on the aligned MWNT sheet spread and
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exhibited elongated, stretched morphology along the grooves of MWNT bundles (the 
right panel of Figure 6.7).
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Figure 6.7 Huh7 cell morphology and cytoskeleton (F-actin) organization on 2D 
substrates. The upper panel contains phase contrast images at lOx magnification and the 
lower panel contains confocal fluorescence images of Huh7 cells at 63x magnifieation. 
Images are of cells grown on coverslips, (A) and (C), and cells on aligned MWNT 
sheets, (B) and (D). Actin filaments were stained with phalloidin-Alex Flour 488 (green) 
and nuclei were stained with DRAQ5 (blue).
6.3.2 (b) Proliferation of Huh7 cells on substrates
Huh7 cells growing on the MWNT yam were observed at a number of time 
points starting as early after a few hours of culture. In the early stages, there is no 
significant difference in term of cell density between cells grown on single ply to the
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cells on 6-ply yam (Figure 6.8 (A) and (B)). After ovemight incubation, unattached cells 
were discarded and only attached cells were allowed to grow and proliferate. By further 
increasing cultivation time of cells on 3D substrates. Huh? cells were monitored and 
found to proliferate along the yam. In addition, cells were also observed wrapping round 
the yam.
After a few days in culture, the cells on the yams were found to be not limited by 
its surface area. Confocal images (Figure 6.8 (C)) revealed that in certain parts of the 
yam surface, cells formed multi-layers and bigger aggregates which resemble a bunch of 
grapes. SEM images demonstrated both cell-substrate and cell-cell interactions. It is 
clear in the Figure 6.8 (D) that cells attached well to the yam (single ply), indicated by 
the appearance of filopodia extended from the cell body. Cells adhered on a 6-ply yam 
(Figure 6.8(E)) and appeared to favour the outermost part of the yam. As the cells are 
seen to form clusters, they may be proliferating on the yam.
210
Figure 6.8 Huh? cells on MWNT yams. Top, middle and bottom panels contain optical 
micrographs, fluorescent staining images, and SEM of Huh? cells, respectively. The 
optical images (A) and (B) show cells growing along a single ply yam, (A), and along a 
6-ply yam, (B), at 20x magnification. The confocal fluorescent optical micrograph (C) 
shows cells including a three-dimensional eell cluster on a single ply MWNT yam. 
Actin cytoskeletal networks are stained green and nuclei are stained blue. SEM images
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show, (D), an individual cell attached firmly on single ply yam, and (E), cluster of cells 
on a 6-ply yam.
We have observed significant differences in cell organization and cell 
morphology for Huh? cells on two dimensional and three dimensional substrates. These 
differences may lead to different pattems in cell development, especially cell 
proliferation and cell function. Cells cultured on three dimensional substrates may 
exhibit both cell-substrate and cell-cell interactions which resemble the environment of 
cells in vivo. In vivo, cells interact with an inherently three dimensional set of other cells 
and the extracellular matrix (ECM). The ECM plays important roles such as supporting 
cells and regulating cell function.
Further studies were carried out to assess the biocompatibility of the prepared 
substrates for liver cell lines in order to exploit the application of CNT-based scaffolds 
for liver tissue engineering. The proliferation of cells on two dimensional, aligned 
MWNT substrates was evaluated using XTT assay. The absorbance value fi'om viable 
cells on MWNT sheet is comparable to the absorbance value fi-om viable cells on 
control, bare glass coverslip (see Figure 6.9).
212
2.0n
E
§ 1.5-
co
<
■ 1.0-
E
C
o
G)
J  0.5-
<
0.0
20 40 60
Time (hours)
80 100
-0 - Aligned MWNT Sheet ^  Coverslip
Figure 6.9 Graph shows Huh7-cells proliferation on coverslips (controls) and MWNT 
two dimensional substrates, as monitored by the XTT assay.
The data in Figure 6.9 show that XTT absorbance, as a surrogate marker of 
cellular proliferation, increases at a similar rate on aligned MWNT sheets and 
coverslips. This suggests that while the aligned MWNT may alter the alignment and 
morphology of Huh7 cells, it does not alter the rate of cellular proliferation. In addition, 
as there is an increase of XTT absorbance over time, this is supportive that proliferation 
exceeds cell death in both cases, suggesting that the MWNTs are not overtly toxic to the 
cells.
MWNT sheets promote cell adhesion, proliferation and do not show significant 
toxicity to Huh7 cells, for at least up to 4 days. The analysis of mitochondrial structure 
by confocal microscopy (Figure 6.10) confirmed the XTT results. We found no
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significant difference in mitochondria morphology for cells grown on MWNT sheets to 
the cells on glass coverslip, again suggesting that MWNT sheets are not toxic to cells.
Figure 6.10 The mitochondria structure of Huh? cells represented by punctate staining 
with MitoTracker Red (red). Top and bottom panels demonstrate cells at shorter and 
longer incubation times, respectively. Right panel images ((B) and (D)) are 
mitochondria of cells grown on aligned MWNT sheets and left panel images ((A) and 
(C)) are of cells on glass coverslip.
Cell proliferation on two dimensional substrates was monitored by XTT 
colorimetric assay. However, proliferation of cells on three dimensional, free standing 
MWNT yams over the course of one week was evaluated through observation with a 
microscope as the total number of cells attached along the yams was far below the 
minimum of cell number required for the detection using an XTT assay.
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At shorter incubation times most images showing fewer cells while at later times 
there is an increase in cell number in the images, as well as the formation of cell 
aggregates. From the representative images below, it is clear that in the early stages of 
culture (8 hours after seeding) the number of cells attached on the yam is very low 
(Figure 6.11(A)). Then, these cells are able to proliferate along the yam surface during a 
longer incubation time. The distribution of cells over the entire yam is not uniform, as 
shown in Figure 6.11. There is a monolayer of cells on most of the yam’s surface, with 
larger cell clusters in certain areas (Figure 6.11 (B) and (C)). After 4 days in culture, cell 
clusters were observed over the majority of the yam’s surface and the clusters appeared 
much larger in certain parts (Figure 6.11 (D)).
200 pm 200 pm
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Figure 6.11 Representative optical micrographs of Huh? cells along a single ply yam, 
showing cells attached, migrated and proliferated on the yams. The images were taken 
after: (A) 8 hours, (B) 36 hours, (C) 12 hours, and (D) 100 hours in culture. Images (A) 
and (B) taken using 20x objective while (C) and (D) taken using lOx objective. Images 
were taken using a Nikon TE 100 optical microscope in phase contrast mode.
6.3.2 (c) Liver cells specific function: albumin synthesis
Both cell morphology and proliferation assays revealed that MWNT-based 
substrates allowed and induced Huh? cell adhesion and proliferation. The next step is 
investigating the modulation of liver-cell specific function, i.e., cell metabolism that is 
specifically required for liver function, by different scaffold dimensions (2D versus 3D). 
An example of liver specific function is the production of albumin; this is often used as 
a marker for liver function.
Albumin is the major plasma protein, and it is synthesized exclusively by the 
liver.^^’^  ^ The production of albumin on test substrates was assessed qualitatively by an 
immunofluorescence assay. Albumin production was found to be larger on aligned, 
nano-grooved MWNT substrates than on the control, flat glass coverslip. As little as 5 
hours after seeding, most of the Huh? cells cultured on aligned MWNT sheets (Figure
6.12 (C)) showed bright, green fluorescence, denoting albumin synthesis in the cell’s 
cytoplasm. In contrast, on the flat coverslip (Figure 6.12 (A)) only a few cells showed 
signs of albumin synthesis. After 24 hours in culture, cells on aligned MWNT substrates 
continued albumin production, and now more cells on the control substrates exhibited 
green fluorescence.
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These results are in agreement with those of Tsai et al.^ "^ , where human 
hepatoblastoma HepG2/C3A (C3A) cells, a hepatoma-derived HepG2 cell line, were 
cultured on nano-grooved silicon and polystyrene substrates. They found that the 
morphology of cell was affected by the nanopattemed topography, and that the cells 
align and extend along the direction of nano-grooves. In addition, the albumin synthesis 
is also larger on both the silicon and polystyrene substrates with nano-groove structures 
than on the flat substrates. Both qualitative (immunoflourescence staining) and 
quantitative (enzyme-linked immunosorbent (ELISA) assay) analysis of albumin 
production showed that more albumin was secreted by the cells on textured surfaces 
than on the smooth ones.
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Figure 6.12 Albumin staining images of Huh? cells on two-dimensional test substrates. 
The top panel contains fluorescence images of cells on a glass coverslip, and the bottom 
panel contains fluorescence images of cells on aligned MWNT sheets. Left- and right- 
hand images shows two different time points, 5 and 24 hours after seeding, respectively. 
The white arrows in (C) and (D) denote the direction of the MWNT alignment. Images 
were obtained under the same fluorescence settings.
We also studied the albumin production of cells on both single ply and 6-ply 
yams. The cells secreted significant amounts of albumin as early as 24 hours (Figure
6.13 (A) and (C)) after seeding, although the density of cells is quite low. With 
increasing incubation time, the number of cells and synthesis of albumin increased 
(Figure 6.13 (B) and (D)).
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Figure 6.13 Albumin synthesis by Huh? cells on yams. Left-hand images are 
fluorescence images of cells on single-ply yams, and right-hand images are fluorescence 
images of cells on 6-ply yams. Top and bottom rows are after 24 and 48 hours of 
incubation, respectively.
6.3.2 (d) Liver-cell specific function: Cytochrome P450 (CYP450) enzyme activity
The impact of our substrates on the liver-cell metabolism was examined. For 
basic research and for cell-based assays for dmg discovery, there is a cmcial need for 
synthetic substrates that mimic the ECM and so promote the normal in vivo ftmction of 
liver cells.^^ The main ftmction of the liver that we are interested in here is the 
metabolism of xenobiotic (foreign chemical) compounds such as dmgs.^ '^^^ The 
metabolism of dmgs involves the breakdown of dmg molecules into other molecules 
(metabolites) by liver-cell enzymes. This process usually makes dmgs or pharmaceutical 
substances more water soluble, for easy excretion via urine or bile. The cytochrome 
P450 enzymes are a major group of hepatic enzymes responsible for dmg metabolism.^^'
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Here, an immortalized human hepatoma cell line was cultured on the nanotube- 
based substrates and then the enzyme activity of the cytochrome P450 subfamilies, 
CYPIA and CYP3A, was assayed. The assays were done following treatment with 
chemical substances known to induce activity of these enzymes. These substances are 
called inducers. For intact Huh? cells, we find that the mean CYP3A induction by the 
CYP3A inducer, Dexamethasone (Dex), is close to two-fold over vehicle control (0.1 % 
DMSO) and this applies both to cells on coverslips and to cells on the MWNT substrates 
(Figure 6.14 (C)). In the case of CYPIA, the mean induction activity by P-NF treatment 
is two-fold for cells on the MWNT substrates and 1.5-fold for cells on coverslips (Figure
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6.14 (D)). For both assays the error bars of the data on MWNT substrates overlapped 
with the error bars for the data from cells on the control substrate. Thus, the Huh? cells 
appear to be behaving similarly on the MWNT and control substrates. However, in this 
cell line of immortalized cells the inductions we found are not large.
Choi et al. reported that Huh? cells cultured in the presence of DMSO in the 
media formulation showed a dramatic increase in the cytochrome P450 enzyme 
CYPlAl, following induction with 3-methylcholanthrene (3-MC). However, the 
expression levels of most drug-metabolizing enzymes in Huh? cells were generally very 
low. In addition, Sivertsson et al. found that Huh? cells grown to confluence (up to 5 
weeks) differentiate into a more metabolically active cell line, and this affects the 
expression of cytochrome P450 (CYP3A4) activity which the activity is greatly 
enhanced following induction with CYP3A4 inducer, rifampicin.
As the error bars for GYP enzyme activities on the MWNT and control 
substrates overlap, we can conclude that the cells are behaving in approximately the 
same way on the MWNT substrates as well as on the controls. Basal CYPIA and 
CYP3A activities for both cells grown on control and MWNT substrates are 
approximately two-fold above the background (Figure 6.14 (A) and (B)). The higher 
differential between basal and background activities may reflect greater sensitivity and 
reliability of the P450-Glo assay.
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Figure 6.14 CYP lA and CYP 3A activity of immortalized Huh? cells on aligned 
MWNT substrates and on control substrates, which are glass coverslips. The cells were 
seeded at density of 5 x lO"^  cells per well, and on the following day, induction was 
initiated by replacing culture media with media containing lOpM Dexamethasone (Dex) 
or lOpM beta-Naphthoflavone (P-NF), for 48 hours. The top row contains graphs 
showing basal and background activity of CYP 3A (A) and CYP 1A (B). Graphs in the 
bottom panel show the activity of CYP 3A (C) and CYP lA (D) following treatment 
with inducers. Each data point is the mean obtained from 12 samples (aligned MWNTs 
or coverslips) for each condition, which come from two independent experiments.
To summarise, we have found that the nanoscale topographical features of our 
MWNT-based substrates significantly influence Huh? cell behaviour such as
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morphology, and cell-cell adhesion. Cells grown on aligned MWNT sheets showed cell 
clusters that tend to form along the MWNT bundles. In contrast, on the flat control 
coverslip, cells are mostly in bigger clusters and randomly oriented. Cells attached on 
3D MWNT yams could cover the entire yam surface and formed multilayer, 3D 
aggregates of cells after a few days in culture. Cells are not homogenously distributed on 
3D MWNT yams. Additionally, cells cultured on 2D/3D MWNT based substrates 
showed enhancement of a liver-specific function: albumin secretion. Cells proliferate on 
2D control and aligned MWNT sheets with no significant difference, implying that our 
substrates are not toxic to cells and favour cell attachment and cell growth. This also 
tme for cells on 3D yams, where only viable cells are able to proliferate to such an 
extent of the yam surfaces after a few days in culture. The enzyme activity of two 
subfamilies of cytochrome P450s, notably CYPIA and CYP3A, were measured on 2D 
MWNT substrates and on coverslips. For both indueers we studied, the induction was 
similar on the MWNT and on the eontrol substrates.
6.3.3 The modulation of cell morphology and liver specific function: 
primary rat hepatocytes
6.3.3 (a) Characterization of primary ra t hepatocyte morphology
In addition to immortalized cell lines, we also cultured and studied a primary cell 
line, primary rat hepatoeytes on our substrates. The optical micrographs in the Figure
6.15 show the morphology of rat hepatocytes shortly after seeding and following 
attaehment on eollagen eoated coverslip. The hepatocytes are polygonal in shape and 
their nuclei show distinet nucleoli. The majority of hepatocytes are mono-nueleated 
(single nuelei) but some were bi- or multi-nueleated. LeGuilly et al. have
2 2 2
demonstrated that polyploidy of hepatocyte influences the production of plasma protein 
and proliferation of hepatocytes.
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Figure 6.15 Phase contrast images show the native morphology of primary rat 
hepatocytes. The morphology of hepatocytes (A) at the early times (a few minutes after 
seeding) and their organization (B) following 6 hours in culture. Scale bar is 200 pm. 
The black arrow indicates a mononucleated hepatocyte, and the dotted black arrow 
indicates binucleated hepatocyte.
Today, for pharmacological and toxicological studies such as of drug 
metabolism-related liver toxicity, the culture of primary hepatoeytes (either rat or 
human) is widely used. Hence, the development of the long term culture of primary 
hepatocytes is required. The survival of hepatocytes in vitro can be increased if they are 
cultured on substrates or scaffolds pre-coated with an ECM adhesion protein particularly 
collagen Type 1. We culture primary rat hepatocytes on our aligned MWNT substrates 
and control substrates (glass coverslips) pre-coated with collagen Type 1. Apart from 
monolayer configuration, we also culture primary rat hepatocytes in sandwich 
configuration where hepatocytes were embedded in between thin layers of collagen. The 
optical images in Figure 6.16 show the morphology of primary hepatocytes cultured in 
monolayer (top panel) and sandwich configuration (bottom panel), both on aligned
223
MWNTs sheet (Figure 6.16 (B) and (D)) and on eontrol glass coverslip (Figure 6.16 (A) 
and (C)).
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Figure 6.16 The morphology of primary rat hepatocytes plated in monolayer and 
sandwich culture configurations observed using phase contrast microscopy. Phase 
microscopy of hepatocytes in monolayer configuration on: (A) a glass coverslip, and (B) 
aligned MWNTs. The optical micrographs of sandwich culture of rat hepatocytes 
(overlaid with second layer of collagen) on: (C) a glass coverslip and (D) aligned 
MWNTs. Scale bar is 200 pm. (A) and (B) were taken using 20x magnification while 
(C) and (D) taken using lOx magnification.
Clearly rat hepatocytes in monolayer configuration, regardless of substrate 
topography (on flat glass coverslip or on aligned MWNTs sheet), show a flattened
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shape, while those in sandwich culture configuration demonstrated a flattened cuboidal 
shape. In addition, hepatocytes in sandwich culture configuration are both mono- and bi­
nucleated, while the majority of hepatocytes in monolayer culture are multinucleated.
In addition, we made preliminary attempts to grow rat hepatocytes on our 3D 
MWNT yams, utilizing sandwich culture configuration. The very preliminary results 
revealed that hepatocytes were nicely enclosed between thin layers of collagen. Through 
observations made and optical images taken, rat hepatocytes showed a greater tendency 
to attach to 6-ply yam (see Figure 6.17 (B)) than to single-ply yams (Figure 6.17 (A)). 
These early results are highly encouraging. Future work could build on them to develop 
the yams as 3D substrates for in vitro dmg testing and possibly even in vivo applications 
of yams.
Figure 6.17 The optical micrographs showing primary rat hepatocytes grown on 3D 
MWNT yams in sandwich culture configuration observed using phase contrast 
microscope. Phase microscopy of hepatocytes on (A) single-ply yam, and (B) 6-ply 
yam. Scale bar is 50 pm.
Next we consider the correlation between culture substrate and the hepatocyte 
cell polarity, particularly F-actin cytoskeleton polarity. A polarized epithelial cell, such
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as a hepatocyte, has a distinctive organization of its actin cytoskeleton. There are 
significant differences between hepatocytes in monolayer culture and those in sandwich 
culture. In monolayer culture, hepatocytes exhibited a mesh network of stress fibers on 
the bottom surface of the cell; presumably these fibers start and end at the sites where 
cell attach to the substrate (Figure 6.18 (A)). However, for hepatocytes in sandwich 
culture, F-actin was observed to be localized mainly along the peripheral regions of the 
cell-cell contacts or pericanalicular. Here, there are no stress fibers, which is similar to 
the native tissue where cells possess 3D cell-ECM and cell-cell cytoskeletal networks 
(Figure 6.18 (C)). This finding is similar to that in a previous study carried out by Ezzell 
and co-workers, where they evaluated the influence of collagen gel configuration on the 
cytoskeleton of rat hepatocytes.'^^ The appearance of stress fibres is correlated with 
changes in cell shape. Most hepatocytes in monolayer culture appear flattened and 
spread out. In contrast, hepatocytes in sandwich culture formed clusters of cells that are 
more cuboidal in shape (Figure 6.18 (B).
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Figure 6.18 Representative images showing the arrangement of the F-actin cytoskeleton 
(indicated by green fluorescence staining) in primary rat hepatocytes cultured in 
different configurations. The F-actin stress fibers organization: (A) is for monolayer 
culture and (C) is for sandwich culture of rat hepatocytes. Nuclei are stained with 
DRAQ5 (blue). The SEM image (B) shows the typical shape of rat hepatocytes in 
sandwich culture. The close up image (D) shows the cortical actin distribution, 
predominantly in the regions of cell-cell contact.
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6.3.3 (b) A hepatocyte-specifîc characteristic: albumin synthesis
Next, we observed the capacity of hepatocytes in both configurations to sustain 
liver-like function, particularly the ability to produce the plasma protein albumin. Both 
monolayer-grown hepatocytes and hepatoeytes in sandwich configuration synthesized 
and produced albumin, as indicated by the green fluorescence in the confocal images in 
Figure 6.19.
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Figure 6.19 Representative images showed immunofluorescence staining for albumin 
production (green) in primary rat hepatocytes after 3 days in culture. The images were 
obtained by confocal laser microscopy. Cell nuclei are stained with DRAQ5 (blue). The
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left panel contains images of hepatocytes on control surfaces, and the right panel 
contains images of hepatocytes on aligned MWNTs.
It is difficult to directly compare the albumin production due to the qualitative 
nature of data, which are just images. From ten images collected from two different 
samples for each condition, we estimated that the albumin produced by hepatocytes on 
aligned MWNTs (Figure 6.19 (B) and (D)) was slightly higher than hepatocytes on 
control, flat glass coverslip (Figure 6.19 (A) and (C)). We studied albumin production 
by hepatocytes after three days of culture, and found insignificant differences between 
hepatocytes in sandwich culture and monolayer-grown hepatocytes, in terms of 
generating albumin. Wang et al. studied the effect of culture time on albumin 
secretion in rat hepatocytes using an ELISA assay, and showed that albumin secretion of 
hepatocytes after three days in both monolayer and sandwich culture is approximately 
the same in both culturing conditions. In addition, they found that rat hepatocytes in 
sandwich culture were able to retain their functional function and survived longer with 
an enhanced consistency in albumin secretion in comparison to hepatocytes in 
monolayer culture. So, they speculated that the microenvironment where hepatocytes 
were grown is crucial in regulating albumin synthesis. As albumin synthesis is a 
stringent marker for hepatocyte function, it is likely that other aspects of hepatocyte 
metabolism are also higher in sandwich culture.
We also examined the albumin production for hepatocytes grown on 3D MWNT 
yams in sandwich configuration (Figure 6.20). We are not able to compare the albumin 
production on single- and 6-ply yams due to the fact that the results presented here are 
obtained from a single set of experiments and results from several replicated from a 
number of independent experiments would be needed.
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Figure 6.20 Representative images of immunofluorescence staining for albumin 
production (green) in primary rat hepatoeytes cultured between thin layers of collagen 
on (A) single-ply yam and (B) 6-ply yam. DRAQ5 stains the nuclei blue.
6.3.3 (c) Survival of primary ra t hepatocytes
In order to find out whether cells grown under different culture conditions and 
substrates topography remained viable, we monitored the viability of hepatocytes plated 
on control and MWNT substrates in both culture configurations, over 7 days in culture 
using XTT assay. Hepatocytes grown on control and test substrates (aligned MWNTs) in 
monolayer configuration showing a significant decrease in cell viability over 7 days in 
culture (Figure 6.21 (A)). In terms of substrate topography, the viability of hepatocytes 
grown on both aligned MWNTs and control substrates is more or less the same 
(indicated by the overlap of the error bars) even after day 5 and day 7 in culture.
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Figure 6.21 Graphs showing hepatocyte viability over 7 days in culture. The viability of 
hepatocytes (A) in monolayer configuration, and (B) in sandwich culture configuration 
was assessed using XTT assay. Data are obtained after 3,5, and 7 days post plating.
Regardless of substrate topography, hepatocytes in sandwich culture tend to 
maintain cell viability with only very small decreases in viability over the observation 
period (Figure 6.21 (B)). The results of this study indicated no significant difference 
between two substrates at three different time periods; although there were different 
amounts of eell viability for each time period. The results for viability in Figure 6.21 are 
in agreement with a number of studies by several researchers who have extensively 
studied the impact of culture condition on hepatocyte’s v i a b i l i t y . T h e  ability of 
hepatocytes to survive longer may be linked to the cell polarity; cells in monolayer 
culture have partially polarized moiphology, while in sandwich culture they are able to 
maintain normal polarity with the presence of apical-basolateral surfaces.
So, hepatocytes cultured in sandwich configuration are able to maintain cell 
viability while for monolayer-grown hepatocytes the viability decreases significantly.
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which limits their use in drug discovery, in particular in drug metabolism and liver 
toxicity experimentation.
6.3.3 (d) A hepatocyte-specifîc characteristic: bile canaliculi formation
Experiments were performed in order to examine the establishment of 
hepatocyte polarity, as demonstrated by the formation and functional activity of bile 
canaliculi for cells on both flat and nanogrooved (aligned MWNTs) substrates. The 
experiments were done in sandwich culture configuration. The formation of the bile 
canalicular network was detected using the CDFDA assay, which uses a non-fluorescent 
chemical that is internalized by the cells and then metabolized by intracellular esterases 
into CDF, a fluorescent metabolite. For the results see Figure 6.22 (A) and (C). The bile 
canalicular network serves as transcellular transporter of fluorescent bile acid analogue 
CDF. The biliary accumulation of CDF in the bile canalicular network of hepatocytes 
signifies functional polarity of hepatocytes.^^'^^ The study of bile acid excretion in the in 
vitro model culture is essential as it indicates the existence of a functional in vitro model 
liver system that can excrete metabolites and toxins, which is the characteristic of the 
bile canaliculi in vivo.
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Figure 6.22 Representative images indicating retention of CDF in the bile canaliculi of 
sandwich-cultured rat hepatocytes. Sandwich-cultured hepatocytes on both aligned 
MWNT sheets and flat glass coverslip were incubated with CDFDA (10 pM) in standard 
buffer for 30 minutes. The upper panel contains images of hepatocytes on coverslips, 
and the lower panel contains images of hepatocytes on aligned MWNTs. The 
accumulation of CDF in the bile canaliculi is shown via fluorescence microscopy in (A) 
and (C); CDF is shown as green. The morphology of hepatocytes is observed using 
phase contrast mode optical microscopy in (B) and (D). Scale bars are 200 pm. The 
direction of the MWNT grooves is indicated by the blue arrow in the image.
The fluorescein of the CDF localized in the intercellular spaces between 
hepatocytes was identified using fluorescence microscopy. The excretion of green
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fluorescent CDF in bile canaliculi of rat hepatocytes in monolayer culture was not 
detectable on day 5. This was found on both control and aligned MWNTs. However, the 
formation of green, worm-like structures was observed in the collagen sandwich culture. 
The retention of CDF in bile canaliculi of sandwich-cultured rat hepatocytes was 
noticeable on both aligned MWNT sheets and controls. In future work we hope to 
quantitatively measure the bile accumulation index by hepatocytes in sandwich 
configuration on our aligned MWNTs sheet as well as on control using image 
processing.
6.3.3 (e) A hepatocyte-specifîc characteristic: Cytochrome P450 (CYP450) enzyme 
activity
Finally, we quantify the ability of cells to induce enzyme activity of the 
cytochrome P450 subfamilies CYPIA and CYP3A, using the P450-Glo assay. We 
measured the activity of hepatocytes on both control and aligned MWNT substrates, in 
sandwich configuration, and following treatment with two known inducers, p-NF 
(CYPIA) and Dex (CYP3A). CYPIA and CYP3A activities are induced by a number of 
drugs. In the pharmaceutical industry, it is important to know the activity following 
cytochrome P450 induction as it may influence the metabolism of the administered or 
co-administered drug(s).
After being challenged for 48 hours with the inducer, the activity of rat 
hepatocytes on aligned MWNTs and on control substrates was compared. Basal activity 
on both surfaces is similar for both CYPIA and CYP3A. The induced CYPIA activity 
on aligned MWNT surfaces were significantly higher than on control. In the case of 
CYPIA, the fold induction over basal following induction with P-NF for rat hepatocytes 
plated on MWNT surfaces is 3.4-fold and on coverslips it is 1.9-fold (Figure 6.23 (A)).
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The induced activity of cells on aligned MWNT sheets is ~ 200,000, almost twice as 
high as on control (~ 90,000). The mean CYP3A activity on aligned MWNT sheets is 
rather higher (~ 280,000) than on control (~ 210,000) following treatment with known 
inducer of rat CYP3A activity, Dex (Figure 6.23(B)). However the error bars of the 
results on the MWNT substrates and on the coverslips overlap, so we conclude that the 
induction is not significantly different on aligned MWNT surfaces and on control 
surfaces. It should be noted that these results are firom only one experiment, and so are 
very preliminary.
235
(A) 2500001
3  200000
cr
S 150000
c
(D
% 100000-<D
I 50000
r3.5
L3.O c  o
2.5 "g
2.0 £
1.5
Coverslip Aligned MWNTs 
□  Basal n  p-NF treated ★  p-NF fold induction
(B) 4OOOOO1 
3
^  300000
S) 200000
E 100000 10 LL
Coverslip Aligned MWNTs 
□  Basai B i Dex treated ★  Dex fold induction
Figure 6.23 CYPIA (A) and CYP3A (B) activity of primary rat hepatocytes in 
sandwich configuration on aligned MWNT substrates and on control substrates (glass 
coverslips). The induction was initiated by replacing culture media with media 
containing either lOpM Dexamethasone (Dex) or lOpM beta-Naphthoflavone (p-NF), 
for 48 hours. Following treatment, CYPIA and CYP3A activities were measured using 
the P450-Glo CYP1A/3A assay. Luminescence was measured using a luminometer. Cell
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number was determined using CellTiter-Glo luminescent cell viability assay, and then 
the relative luminescence unit (RLU) results from the P450-Glo GYP 1 A/3 A assay were 
normalized to cell number. Each data point is the mean obtained from six samples 
(aligned MWNTs or coverslips) for each condition from a single experiment.
Earlier studies using nanofiber surfaces as substrates for primary hepatocytes, 
reported an increase in cytochrome P450 enzyme activities. Wang et al. investigated 
hepatocytes cultured on PuraMatrix scaffold, a synthetic peptide that can self-assemble 
into three-dimensional interweaving nanofiber scaffolds to form a hydrogel. 
Hepatocytes formed spheroids on PuraMatrix and demonstrated higher albumin, urea 
secretion and cytochrome P450 (CYPlAl) in comparison to hepatocytes in collagen 
sandwich configuration. Recently, Rothenberg and coworkers used nanofibers surfaces 
(Ultra-Web and Ultra-Web polyamines) and demonstrated enhanced cytochrome P450 
(CYP3A4) activity, relative to cells on collagen surfaces.^^ Following induction with 
dexamethasone (Dex) and pregnenolone-16a-carbonitrile (PCN), CYP3A4 activity 
measured for hepatocyes on Ultra-Web surfaces was five fold higher than hepatocytes 
grown on collagen surfaces.
To summarise, we cultured both immortalized Huh7 liver cells and primary rat 
hepatocytes on our MWNT based substrates, and investigated the possibility of the 
exploitation of hepatocytes plated on our substrates as an in vitro model for liver toxicity 
research and testing. We found that rat hepatocytes retain higher viability in sandwich 
culture rather than in monolayer culture configuration, regardless of the substrates tested 
(aligned MWNTs versus fiat glass coverslips) after several days in culture. Primary rat 
hepatocytes on MWNT-based substrates also maintain their morphology and functional 
activity such as cell polarity (bile canalicular formation), albumin production, and Phase
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I (CYP 1A/3A) enzyme activity. Encouragingly, we showed enhanced cytochrome 
enzyme activity (CYPIA) following induction with an established inducer for cells on 
aligned MWNTs in contrast to cells on flat coverslips. The induction is higher for cells 
on aligned MWNTs substrates in these preliminary results. Inducible CYP enzyme 
activity is a relatively stringent marker of primary hepatocytes as it is very sensitive to 
culture conditions.
6.4 Conclusions
To conclude, we have engineered scaffolding materials whose nanoscale 
topography directly guides the adhesion and growth of both the immortalized and well 
differentiated liver derived cell line, Huh7, as well as of primary hepatocytes. In 
addition, our MWNT substrates are able to sustain liver-specific function including 
albumin synthesis and Phase I enzyme activity. The activity of primary rat hepatocytes 
and immortalized liver cells are slightly higher on aligned MWNTs surfaces in 
comparison to cells on a flat glass coverslip. In the future, we will continue to explore 
potential uses of both 2D and 3D scaffolds for drug development applications.
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Chapter 7: Cell adhesion on nanopatterned fibronectin 
substrates prepared via phase separation
This chapter will give a new insight on how the block copolymer templates can 
be employed to generate nanopattems of an extracellular protein of interest, fibronectin 
(FN). In this study we focused on the influence of the size and geometry of novel FN 
nanopattems on the adhesion and spreading of Chinese Hamster Ovary (CHO) cells. The 
coating of substrates with an extracellular matrix (ECM) protein, such as FN, is often 
employed to increase cell adhesion and growth. The FN is patterned on the surface of 
templates created through the self-assembly of polystyrene-block-polyisoprene (PS-6- 
PI) diblock copolymers. Both ring-like and stripe-like FN nanopattems are created 
through the preferential adsorption of FN on PS blocks, as confirmed through the 
complementary use of atomic force microscopy and secondary ion mass spectrometry. 
The ring-like FN nanopattem substrate increases the cells’ adhesion compared with the 
cells on homogeneous FN surfaces and the stripe-like FN nanopattems. Cell adhesion is 
high when the FN ring size is greater than 50 nm and when the surface coverage of FN 
is less than ca. 85%. We suggest that the ring-like nanopattems of FN may be aiding cell 
adhesion by increasing the clustering of the proteins (integrins) with which cells bind to 
the nanopattemed substrate. This clustering is required for cell adhesion. In comparison 
to lithographic techniques, the FN templating method, presented here, provides a simple, 
convenient and economical way of coating substrates for tissue cultures and should be 
applicable to tissue engineering.
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7.1 Introduction
To grow, most types of mammalian epithelial cells need to adhere to something. 
In vivo, the substrate is the extracellular matrix (ECM) or other cells. ^  Thus, to 
encourage cell growth for tissue engineering we need to provide substrates that mimic 
at least some properties of the ECM. Interactions with the ECM, or with artificial 
mimics of it, play a crucial role in fundamental cellular functions, including cell 
migration, proliferation, differentiation,  ^and apoptosis.
Cell adhesion is mediated by specific protein receptors, known as integrins, on 
the cell surface. They interact with ECM molecules. These trans-membrane receptors 
have extracellular domains that bind to the ECM and intracellular domains that link to 
the cytoskeleton.^^ Upon ligand binding, integrins undergo a conformational change that 
leads to the recruitment of cytoplasmic “anchor proteins,” such as vinculin, talin and 
paxillin, which bind the actin cytoskeleton to the membrane. Through physical 
clustering of multiple integrins, more cytoplasmic proteins are recruited to the adhesion 
site to increase its size, adhesion strength, and biochemical signalling a c t i v i t y . T h e s e  
larger, clustered structures of integrins and cytoplasmic proteins, which are 100s of nm 
across, are commonly called focal adhesions. They function as crucial outside-to-inside 
signalling ports and help cells to function properly.
Integrins are approximately 10 nm across, and work by Spatz and co-workers 
have found that spacing their ligands more than 58 nm apart greatly reduces cell 
adhesion. Thus we expect that engineering the surface on a lengthscale of 10s of 
nanometres can control and enhance cell adhesion.
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For the binding interactions between cells and surfaces, it has become 
increasingly evident that cells detect and respond to numerous features of the ECM, 
including the structural composition and availability of adhesive ligands,^^’^  ^mechanical 
stiffness,spatial organization of cell recognition sites,^^’^  ^ and surface topography of 
these ECM scaffolds at the microscale and nanoscale/^'^^ The importance of the 
structural organization of focal adhesions on a molecular length scale has been 
demonstrated by investigations of cellular responses to the lateral spacing of adhesion- 
associated ligands (such as ECM pro te ins ) .The  nanometre- and micrometre-scale 
organization of surface proteins is expected to play a crucial role in focal adhesion 
formation and hence on cell behaviour.
Cell adhesion and cellular organization have been widely studied as a function of 
the available adhesive area and shape on a substrate using micrometer-scale patterns. 
However, a key event in focal adhesion assembly is the activation and clustering of 
ligand-occupied integrins. Patterning methods at the length-scale of tens of nanometres 
are required to explore how integrin-mediated cell adhesion depends not only on 
receptor occupancy but also on receptor clustering. With the control of integrin receptor 
clustering, substrates patterned with ligands at the nanoscale level are suitable for 
addressing this aspect of cell-ECM interactions. Recently, there has been considerable 
work on cell behaviour on nanopattemed substrates of ECM proteins or particular 
ECM sequences (e.g. arginine-glycine-aspatate (ROD)). Such ECM patterns were 
created using techniques of lithography via a procedure that is multi-step and not 
available in all laboratories.
In vitro studies of well-defined templates of ECM molecules allow studies of cell 
adhesion, spreading, growth, differentiation and functioning. Templates have been
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fabricated through controlling the plaeement of whole ECM molecules (or moieties 
present in the ECM to whieh integrins bind) on the surface. These nano- or micro­
arrayed regions that eneourage integrin binding are surrounded by non-adhesive regions, 
whieh typically resist cell adhesion by resisting the adsorption of protein. Protein surface 
patterning can be realized through various approaehes sueh as microeontaet printing, 
dip-pen lithography, eleetron beam lithography, and self-assembly.^^ As an example 
of self-assembly, a patterning method using block copolymer nanolithography (BCN) 
has been developed recently. This teehnique is based on the self-assembly driven 
deposition of spherical micelles on solid substrates. By using dibloek copolymers of 
different molecular weight, the separation distance between spherical minority phases 
can be tuned.^^
In the present work, a very simple method was used to pattern protein molecules. 
A self-assembled diblock copolymer substrate, made from polystyrene-bloek- 
polyisoprene, was used as a template to form protein nanopattems through the protein 
selective adsorption on the polystyrene domain. It was previously shown^^ that another 
protein (bovine serum albumin) seleetively adsorbs on glassy PS domains and forms 
nanopattemed structures resembling the underlying copolymer templates. The ECM 
protein, FN, was adsorbed on our copolymer templates to form nanopattemed FN 
substrates. By comparing the cell adhesion phenomena on nanopattemed FN surfaees 
with varying length scales, we determine how surfaee patteming and organization at the 
nanoscale level of the ECM affects cell adhesion and spreading.
In the preparation of cell and tissue cultures, FN or similar proteins are often 
attached to polymer substrates to aid eell growth. The polymer surface is funetionalized 
through a plasma treatment, e.g. low-temperature plasmas^"^’^  ^ and either low-pressure
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glow discharges'^ or atmospheric-pressure ("corona") discharges.^"^’^  ^ Proteins are 
attached to plasma-treated surfaces to create a uniform and homogeneous layer. By 
comparison, the method presented here is simpler, more economical and able to be 
implemented in most laboratories. More importantly, the proteins are deposited in a 
nanopattem that aids cell attachment and spreading.
7.2 Experimental Details
7.2.1 FN nanopattern fabrication
Si (100) wafers and glass coverslips were cleaned using a UV-ozone cleaner 
before being used as substrates. Because of its optical reflectivity. Si was the substrate 
for all ellipsometry measurements. Because of its rigidity, it was also used as the 
substrate material in all atomic force microscopy experiments. Confocal microscopy 
requires the use of optically transparent substrates, and hence glass coverslips were 
used. Both materials were used as substrates for contact angle analysis.
Polystyrene (PS, number average molecular weight, Mn = 257.9 kg/mol), 
polyisoprene (PI, M„ = 100 kg/mol), and PS-6-PI diblock copolymer (purchased from 
Polymer Source) were used as received. Two copolymers, both with a total = 91 
kg/mol but different ratios of the two blocks, were selected as a means to vary the 
nanostructure. One symmetric PS-6-PI possesses a PS component with M„ = 45 kg/mol 
and PI component with M„ = 46 kg/mol. It is represented here as PS(45)-6-PI(46). 
Another asymmetric PS-6-PI has a PS component with M„ = 65 kg/mol and a PI 
component with Mn = 26 kg/mol. It is described here as PS(65)-6-PI(26). Polymer 
solutions in toluene (reagent grade. Sigma-Aldrich, UK) were spin-cast onto cleaned Si 
(100) or glass substrates with a spin rate of 2000 rpm. The thicknesses of the as-spun
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films were measured using spectroseopie ellipsometry (VASE, J.A. Woollam Co., Ine. 
Lincoln, NE, USA). Films were not armealed after casting, in order to preserve their 
non-equilibrium structures.^^ Homogeneous and nanopattemed polymer templates were 
then fabricated for protein adsorption using homopolymers (PS and PI) and PS-6-PI, 
respectively.
FN (from bovine plasma, 1.2 mg/mL sterile solution, cell culture tested (Sigma- 
Aldrich, Product No. FI 141)) was diluted in a universal buffer (150 mM NaCl, 50 mM 
Tris-HCl, pH 7.5) to 50 pg/mL. The polymer-eoated. Si and glass substrates were 
incubated with FN solution for one hour at room temperature. PI films were only 
incubated for 10 minutes because they are subject to dewetting at longer times. Upon 
removal from the FN solution, the samples were rinsed thoroughly with flowing Tris 
buffer solution followed by DI water to remove non-adsorbed FN molecules and 
residual salt from the buffer, respectively. The samples were dried in a desiccator 
(containing silica gel) for 24 hours prior to surface analysis. The procedures were the 
same for both Si and glass substrates.
7.2.2 FN surface imaging and characterization
Atomic force microscopy (AFM) was performed in the intermittent-contact 
mode of a commercial instrument (NTEGRA, NT-MDT, Moscow, Russia) using a gold- 
coated silicon cantilever (NT-MDT) with a nominal spring constant ranging from 5 to 
10 N/m and a resonant frequency ranging from 130 to 180 kHz. All the AFM images 
were captured using a scan speed of 1.2 Hz and imaging was performed in air at room 
temperature.
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Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) surface analysis 
was carried out in order to charaeterize the relative intensity of surface components 
before and after the FN adsorption. ToF-SIMS analysis was carried out on an lON-TOF 
GmbH (Münster, Germany) TOF-SIMS 5 system. The instrument is equipped with a 
reflection type analyser and a mieroehannel detector. Data acquisition was performed by 
raster scanning the Bi^^ primary ion beam over a 100 pm x 100 pm area at a resolution 
of 64 pixels x 64 pixels. Every sample was probed three times in three different areas, 
and averages are reported. The probe depth was around 10-20 A from the film surfaces. 
The positive and negative ions from the sample’s outermost surfaces were collected and 
converted to the m/z = 0-500 mass spectra. Secondary ion mapping was used for the PI 
sample due to the large feature size of dewetting after soaking in FN solution could be 
resolved by this technique.
Water contact angle analysis (WCAA) was employed to study variations in the 
hydrophilicity of the FN-coated surface from one area of the surfaee to another. This 
was done before cell incubation with a commercial instrument (Easy Drop, Krüss 
GmbH, Germany). A 3 x 3 grid was drawn in permanent ink on the underside of the 
glass substrate to divide the substrate into nine sub-areas. In this approach, the water 
contact angle in a particular sub-area could be correlated with the eell adhesion at that 
same position. A 1 pL drop of DI water was deposited onto the sample surfaee. For 
every sub-area of a sample, three drops were deposited, and the average value was 
obtained.
7.2.3 Cell cultures
Chinese Hamster Ovary (CHO) cells (Cat No: 85050302) with epithelial
morphology were purchased from the European Collection of Cell Cultures (ECACC).
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Protocols established by ECACC for the culture and passage of Chinese Hamster Ovary 
(CHO) cells were followed.^^ Cells were cultured in tissue culture flasks (75 cm^) in a 
humidified atmosphere at 37 °C with 5% CO2 (by volume). The cells were grown in F- 
12 Ham’s medium (Invitrogen) supplemented with 10% (by volume) foetal bovine 
serum (Gibco) and 1% (by volume) of antibiotics (penicillin/streptomycin) as a 
prophylactic measure against bacterial infection. See section 3.3.1 for details regarding 
cells subculture and culture maintenance.
7.2.4 Seeding cells on substrates
For seeding cells on the freshly prepared substrates, cells at 90% confluence 
were sub-cultured, and then the cell suspension was diluted with cell culture media to 
the desired cell concentration. Cells were then transferred into polystyrene Petri dishes 
(13 mm diameter) containing prepared FN substrates and incubated for one hour under 
humidified atmosphere. For mieroscopy and imaging experiments, the cell plating 
density was 1000-1500 cells/mm^. Following one hour of ineubation, samples were 
rinsed with phosphate buffer saline (PBS) and followed by fixation and staining.
7.2.5 Fixing and staining ceils for fluorescence microscopy
The seeded substrates were then washed with PBS twiee and fixed for 20 min 
with 4% formaldehyde prepared in PBS. After fixation, the samples were rinsed gently 
with PBS and permeabilized with 0.1% Triton X (Sigma) in PBS for 5 minutes. Then 
samples were thoroughly rinsed with PBS and stained. Samples were incubated with 
phalloidin (1:300 dilutions or 22 nM, AlexaFluor 488 Phalloidin, Moleeular Probes 
Eugene, OR) for 30 minutes at room temperature. After rinsing with PBS, samples were 
subsequently ineubated with secondary dye, DRAQ5 (BD Bioseienees Limited) for 10
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minutes at room temperature. Following thorough washing with PBS, one drop of 
aqueous mounting medium Vectashield (Vector Laboratories, UK) was added on a glass 
microscope slide and coverslip with stained eells was carefully inverted (cells side 
down) on the glass slide. Excess of mounting media was wiped carefully with Kimwipe 
tissue and then coverslip was sealed with nail varnish. Double-labelled samples were 
examined via confocal fluorescence mieroscopy (Zeiss LSM 510 META).
7.2.6 Microscopy and image acquisition
Confocal imaging was conducted by using a Zeiss LSM 510 META laser 
searming confocal microscope. For multistained cells, phalloidin (actin stain) was 
excited with the argon laser line at 488 nm, and DRAQ5 (nuelei counterstain) exeited 
with a helium- neon laser line at 633 nm. All images were captured with a Plan- 
Apochromat 40x/1.3 oil DIC objective lens and eollected in multichannel mode. 
Meanwhile, single stain of phalloidin was used to study the fine details regarding actin 
organization upon adhesion formation on different substrates. The images were eaptured 
using the Plan-Apochromat 40x and 63x/1.4 NA oil objeetive lens. A multi track 
configuration was used in order to minimize any bleed-through effeet fi*om the different 
charmel. Pinholes were set at 1 Airy unit (AU), whieh corresponds to an optical slice of 
0.8 pm for both chaimels. All confoeal data sets were of fi*ame size 512 by 512 pixels, 
scan zoom of 1 and line averaged four times. All images were proeessed by using the 
Zeiss LSM browser.
7.2.7 Fixing cells for AFM imaging
Cells on the substrates of interest were fixed with 2.5% glutaraldehyde in PBS. 
Samples were then washed few times with PBS and twiee with deionized water as the
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final wash to avoid the erystallization of salts when the samples dried. Samples were 
allowed to dry in air prior to imaging. The samples were then imaged using the tapping 
mode configuration of AFM (NTEGRA, NTMDT). A silicon nitride cantilever was used 
and imaging was performed in air by searming an area ranging from 100 pm^ to 1000 
pm^ at a scan frequency of 1.01 Hz.
7.2.8 Image analysis
Cell morphology on each test substrate was quantified using image analysis 
software, ImageJ (version 1.42), fi*om the United State National Institutes of Health 
(http://rsb.info.nih.gov/iiA). ImageJ automatically detects the cell outline and calculates 
parameters such as the number of cells, eell area, and coverage per unit area of the 
substrate. The dimensions were calibrated using a stage mierometer.
7.3 Results and Discussion
7.3.1 FN nanopattern imaging and characterization
AFM images of the surfaee struetures of PS, PS(45)-6-PI(46), and PS(65)-6- 
PI(26) films have been shown in our previous work.^^ The surfaee struetures of the 
PS(45)-6-PI(46), and PS(65)-6-PI(26) eopolymer films with a thickness of ca. 18 nm are 
dot-like and stripe-like nanopattems, respeetively. Representative AFM images of the 
original copolymer surfaces (on Si substrates) are shown by the inset pieture in Figure 
7.1. AFM images of PS and PS-6-PI substrates after the adsorption of FN are shown in 
Figure 7.1. After eomparing these images to those from the original surfaees, our 
preliminary interpretation is that FN moleeules appear to cover fully the PS surface and 
ereate a dense and uniform earpet (Figure 7.1(A) and 1(B)).
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On the stripe-like eopolymer template obtained from PS(65)-Z?-PI(26), it appears 
that the FN molecules also form a stripe-like nanopattem resembling the underlying 
copolymer stmcture (Figure 7.1 (C) and 1(D)). As was also found on the original 
copolymer surface, there is a strong contrast between the domains of the different 
polymers. This is tme in both the height and phase images. At room temperature, the PI 
block is above its glass transition temperature and is a viscous liquid. It appears darker 
in the phase image, because the AFM dissipates more energy when eontaeting it in 
comparison to the glassy PS block.^^ AFM measurements of the peak-to-valley height 
before and after the FN incubation find that the height difference increases by 2.5 nm as 
a result of the FN incubation. This increase in height can be explained by the 
preferential adsorption of a monolayer of FN on the PS bloeks, as was found previously 
in the case of BSA.^^ On the dot-like PS(45)-6-PI(46) copolymer surface, the FN forms 
a ring-like network stmeture (Figure 7.1 (E) and 7.1(F)). This interpretation is explained 
by the seleetive adsorption of FN on PS domains and exclusion from the dot domains of 
PI. The feature size of this nanopattem is ca. 50 nm, whieh is larger than the size of the 
stripe-like pattem.
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Figure 7.1 AFM height, (A), and phase, (B) images of a PS film after FN incubation for 
Ih. AFM height, (C), and phase, (D) images of a 17.8 nm PS(65)-6-PI(26) film after FN 
incubation. AFM height, (E), and phase, (F), images of a 17.7 nm PS(45)-A-PI(46) film 
after FN incubation. Image sizes are 2 pm x 2 pm. The inset at the top right shows AFM 
images of PS-6-PI copolymer thin films before FN adsorption. The upper row shows 
AFM height (a) and phase (b) images of a PS(45)-6-PI(46) film (17.7 nm thick), i.e., (a) 
and (b) of the inset correspond to (E) and (F) of the main figure before FN incubation. 
The bottom row of the inset shows AFM height (c) and phase (d) images of a PS(65)-6-
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PI(26) film (17.8 nm thick), they correspond to (C) and (D) of the main figure. Image 
sizes are 2 pm x 2 pm. (Images provided by Dan Liu).
To verify this interpretation of the AFM images, the surfaees of dense FN layers 
and FN on polymer templates were analyzed by ToF-SIMS. (Identieal samples were 
used for the two techniques.) Both positive and negative ion spectra were collected, but 
only the positive spectra were used for analysis because of their greater discriminating 
ability. FN has unique peaks eorresponding to nitrogen-containing fi-agments at m/z = 
18, 30, 44, 60, 70 and 86 u, which present the characteristie ion fragments dislodged 
from specific amino acids in the FN ehain. These peaks are not found in the spectra of 
PS-6-PI hydrocarbon polymer fragments and ean be used to quantify the FN and to 
differentiate it from the underlying polymer components. For each fragment, the relative 
peak intensity (RPI) is determined by the dividing the number of eounts by the total 
number of eounts in the entire spectrum.
Table 7.1 gives the summed RPI of the characteristic FN peaks on each sample 
after protein adsorption. The summed RPI of FN on the PS substrate is 109x10'^. The 
FN’s RPI value on PS(65)-6-PI(26) substrate is only 9x10'^ less than that found on PS. 
This is because the stripe-like PS(65)-6-PI(26) substrate was densely covered by FN 
moleeules. The dot-like PS(45)-6-PI(46) substrate has a lower PS component on its 
surface. After FN adsorption, the RPI of FN is about 80x10'^ and it is signifieantly less 
than the value on the stripe-like pattem. This means that the coverage percentage of FN 
on PS(45)-6-PI(46) substrate is less than that on PS(65)-6-PI(26) substrate. This 
conclusion is consistent with the previously-presented interpretation of the AFM images. 
The pure 350 nm thick PI sample also adsorbed a few FN molecules after only 10 
minutes of ineubation, but less than any thin copolymer samples.
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Relative Peak Intensities (x lO'"*)
FN
peaks
(m/z)
FN on PS
( Ih
ineubation)
FNonPS(65)-6-
PI(26) (1 h 
incubation)
FNonPS(45)-6-
PI(46) (1 h 
incubation)
FN on PI
(10 min 
incubation)
18 6.9d=0.2 6.7±0.2 5.64=0.08 0.9=1=0.01
30 29.5±0.5 29.6±1.2 20.34=0.4 6.14=0.3
44 19.9±0.2 15.2±0.3 12.94=0.2 5.84=0.1
60 14.1±0.1 14.0±0.5 13.54=0.3 0.64=0.01
70 23.9±0.3 26.84=0.7 21.94=0.9 3.54=0.05
86 14.7±0.2 8.4±0.1 7.64=0.1 1.44=0.02
Totals 109 100.7 81.8 18.3
Table 7.1 Relative peak intensities of characteristie fibronectin (FN) ion peaks on 
homogeneous and nanopattemed substrates. (Analysis provided by Dan Liu)
Further analysis was condueted in order to identify the domains on which the FN 
is adsorbed. The relative intensities of characteristic PS and PI ion peaks after FN 
adsorption on PS, PI and PS-6-PI copolymer films were colleeted. The ion peak at m/z = 
68 u has been removed from eonsideration beeause FN also provides strong intensities at 
this value from a hydrogen-earbon fragment. After FN adsorption, this will affect the 
Pi’s analysis by SIMS.
Table 7.2 presents a comparison of the summed RPI of the PI and PS 
characteristie peaks before and after FN adsorption. The idea behind this analysis is that 
preferential protein adsorption will eause a decrease in the yield of the polymer
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domains, as protein will cover the domain surfaee. The yield from the other block, 
however, should not change if there is no adsorption on it. The magnitude of the drop in 
the summed RPI for a particular polymer block is assumed to be proportional to the 
fraction of its surface eovered by adsorbed protein. As PS and PI have similar chemical 
compositions, they do not have unique SIMS peaks, but peaks were identified in which 
the relative peak intensity is strong for one polymer but not the other Semi- 
quantitative analysis is therefore possible.
For the PI homopolymer film, the RPI of the characteristic PI peaks decrease by 
only about 25x10’^  after the FN adsorption, which is a relatively small ehange. For the 
samples in the left three columns in Table 7.2, all RPIs of characteristic PI peaks 
deerease or increase only slightly after the FN adsorption. These negligible changes of 
RPI value imply that very few PI domains are eovered by FN moleeules. On the 
contrary, the RPIs of PS after FN adsorption deerease greatly for every sample that has a 
PS eomponent. After FN adsorption, the PS’s RPI for the PS homopolymer is decreased 
by 126.8x10'^. For the 17.7 nm PS(45)-Z?-PI(46) film and the 17.8nm PS(65)-6-PI(26) 
film, the RPI values for PS are both ca. 30x10’^  after FN adsorption, having decreased 
by 47.2 X 10'  ^ and 89.1 x 10' ,^ respectively. The amount of FN adsorption on the PS 
block, as gauged by the RPI deerease, is found to be proportional to the fraetion of PS 
blocks at the polymer film surfaee
PS
PS(65)-6-PI(26) 
17.8 nm
PS(45)-6-PI(46) 
17.7 nm
PI
Poly(isoprene) peaks (xlQ'^)
Before FN Ads. 9.0 17.6 85.0 201.9
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After FN Ads. 11.8 28.7 81.9 176.2
Difference 2.8 11.1 -3.1 -25.7
Poly(styrene) peaks (xlO'"*)
Before FN Ads. 182.8 122.0 76.5 37.1
After FN Ads. 56.0 32.9 29.3 29.8
Difference -126.8 -89.1 -47.2 -7.3
Table 7.2 Relative intensity changes of PS and PI ion peaks after FN adsorption. 
(Analysis provided by Dan Liu).
The complementary use of AFM and SIMS reveals that the FN selectively 
adsorbs on the PS domains rather than on the PI domains on copolymer surfaces. The 
two-dimensional PS-6-PI templates have been used to form stable, well-organized FN 
nanopattems. The results obtained for FN tell a similar story as previously found with 
BSA adsorption.^^ Taken together, the results indicate that the PS-6-PI hard-soft 
templates ean selectively adsorb a variety of proteins (not only BSA). In the following 
work, FN layers adsorbed on two control surfaces (a glass coverslip or on a flat, PS 
homopolymer film) and on nanopattemed surfaees (both stripe-like and ring-like 
pattems) were used to explore the influence of the nanopattem shape and the spacing of 
FN-ligand on cell adhesion funetions.
7.3.2 Cell adhesion analysis by confocal microscopy
CHO eells adhered to the substrate and were studied with confoeal mieroseopy 
after one hour of ineubation on the control, and on the nanopattemed FN substrate. In 
Figure 7.2, we show images of double-stained CHO eells. The red areas are DRAQ5-
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stained CHO cell nuclei and the green areas are phalloidin-stained actin. It is evident 
that the cell density on the ring-like FN nanopattem is higher than on the other three FN 
substrates.
y Y 4
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Figure 7.2 Confocal microscopy images of multi stained cells with nuclear (red) and 
actin (green) staining, showing CHO cell adhesion on different FN substrates: (a) ring­
like FN nanopattem with ca. 50 nm domain spacing, (b) stripe-like FN nanopattem with 
ca. 12 nm domain spacing, (c) homogeneous FN surface on glass as a control surface, 
and (d) a homogeneous FN surface on pure PS as a control surface. The red scale bar in 
each image is 10 pm. The white text describes the underlying FN surface stmctures 
before cell adhesion.
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The confocal images in Figure 7.2 are representative of what was found in many 
observations. In eaeh experiment, five confocal images were obtained from each of four 
different samples of the same type of template. The density of attached cells and the 
percentage area of coverage by the spreading cells were determined from image analysis 
carried out using ImageJ software. The entire experiment was repeated twice, so that in 
total 40 images from eight samples of the same template type were analysed. The mean 
CHO eell densities are presented for each template type in Figure 7.3, and the error bars 
represent the standard deviations obtained from analysis of the 40 images.
The density of eells on the two control surfaces (FN on glass and FN on PS) and 
on the stripe-like FN surfaee are in the range between 400 and 500 eells/mm^. On the 
other hand, the eell density on the ring-like FN pattem obtained on the PS(45)-6-PI(46) 
template is ca. 750 cells/mm^, whieh is 50% more than obtained for the other three 
samples. In addition to the different CHO eell densities, the fraction of the surfaee 
eovered by the cells is also different (Figure 7.3). The eell eoverage on the ring-like FN 
surface is 65 ± 22%, which means that in an image area, the majority of the FN surface 
is eovered by attached and spreading cells. This number is double the pereentage of 
other three FN surfaces. This result indicates that the ring-like FN nanopattem surface 
with a 50-nm domain spacing can increase the cell adhesion in the initial adhesion stage 
{i.e. after one hour of incubation).
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Figure 7.3 CHO cell densities on four different substrates (A) with pre-adsorbed FN. 
Percentage area covered by spreading CHO cells (B) following 1 hour of incubation on 
the four FN-coated substrates.
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The actin cytoskeleton structure is difficult to observe in the double-stained 
images presented in Figure 12. However, Figure 7.4 shows images of the cells with 
only actin staining on the four FN substrate types. It is apparent that the cells on the 
ring-like FN surface have attached and spread on the surface after only one hour of 
incubation. Almost all of the cells in the image are seen to be well spread. On the other 
three FN surfaces, however, some cells (identified by the blue arrows) have attached but 
have not begun to spread and appeared more or less spherical in shape. The size of the 
adhered cells is also different, depending on the substrate. There is also a significant 
difference in cell shape, with fewer cells forming more elongated phenotype on the ring­
like FN substrate than on the other three FN substrates.
Large bundles or fibres of actin cytoskeleton are observed on both the control 
and the nanopattemed FN surfaces. We assume they end at focal adhesions where the 
cell binds to the substrates. The development of actin stress fibres in CHO cells on ring­
like FN substrates is very apparent. The spreading cells form abundant, parallel and 
highly order organized actin stress fibres both in the central and periphery of the cells. 
On the other hand, the round and unspread cells exhibit sparse actin filaments 
organization.
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Figure 7.4 Confocal images with actin staining to show CHO cells on different 
substrates: (A) a ring-like FN nanopattem with ca. 50 nm domain spacing, (B) a stripe­
like FN nanopattem with ca. 12 nm domain spacing, (C) a homogeneous FN surface on 
glass, and (D) a homogeneous FN surface on PS. The white scale bar is 20 pm. The blue 
arrows indicate cells that just attached and are not well spread.
Using AFM, we believe we have observed filopodia. Filopodia are thin
protmsions from the edge of the cell, and they have important functions such as sensing
the surrounding environment, adhesion and migration. The formation and protmsions of
the filopodia are found to be substrate topography dependent.^^’"^* The organization of
the filopodia of the cells on our ring-like FN substrates is shown in Figure 7.5.
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Figure 7.5 AFM images of cells on a ring-like FN nanopattem with ca. 50 nm domain 
spacing: (A) a group of cells which adhered and spread well on the substrate, (B) the 
protmsions of filopodia (the pale lines as indicated by the red arrow in the image) 
formed and attached to the substrate, and (C) part of one area of the imaged cell at a 
larger scale showing the filopodia.
While immobilized ECM proteins can be used to control the initial adhesion of 
cells on a substrate, most adsorbed ECM surfaces are unstable in the presence of cells 
and thus are only transiently defined. Cells can remodel surfaces on which they are 
attached over a time period as short as two hours."^“ In our experiment, the cell 
interaction with the FN surface is only monitored for one hour. In comparison to other 
FN substrates, the ring-like pattem substrates show higher coverage area by the
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spreading cells. Focal adhesions and related structures are major cellular sites 
responsible for cell-ECM attachment and adhesion-mediated signalling. The well- 
organized actin cytoskeleton reflects the strong cell interaction with substrates. It is 
apparent that the ring-like FN-ligand pattem with around 50 nm spacing can positively 
affect the cell attachment, adhesion and spreading.
The conformation of the FN on our substrates is undoubtedly different to the 
conformation in vivo. FN is a large protein with several domains^ ^  whose confomation 
will inevitably be affected by adsorption on copolymer templates. Nevertheless, the 
ROD motif and the surrounding residues are much smaller than the whole molecule, and 
this RGD motif can bind integrins. Earlier work has found good cell adhesion.^^'^^ In 
this work too, the FN stmcture would also have differed from that in the ECM in vivo. 
Ours and others nanopattemed FN surfaces are clearly different to the ECM in vivo, but 
the FN is still expected to present the same binding motifs to the integrins as are present 
in FN in the ECM.
7.3.3 Influence of FN nanopatterns on cell adhesion
As can be seen clearly in Figure 7.3, the cell density and percentage area of 
coverage on the ring-like FN surface have large standard deviations. We believe that the 
large value of the standard deviation is caused by cell adhesion behaviour which is non- 
uniform on this substrate. Examples of optical images of cells on the ring-like FN 
surface, presented in Figure 7.6, indeed show that the density and shape of adhered cells 
is not uniform across a pattemed substrate. In some regions, the cell density is, high but 
in other regions, fewer cells are attached on the substrates. Additional experiments, 
described next, explain the reasons for this variability.
268
Figure 7.6 Optical images of CHO cells after 1 hour adhesion on the ring-like FN 
substrates, for different areas on the same sample. All images are at the same 
magnification. The white scale bar size is 40 pm.
Before cell culture, several FN-coated glass coverslips were divided into nine 
sub-areas and the relative hydrophilicity of every sub-area was determined by water 
contact angle analysis. Here, the water contact angle is not of direct interest, but rather it 
is useful to determine it in order to correlate with the FN structures, as determined by 
AFM.
Measurements of cell densities were collected from two different samples in 
which a PS(45)-Z?-PI(46) copolymer film on a glass substrate had been used to template 
FN. The mean cell densities were determined in each of the nine different sub-areas 
through analysis of several images obtained from that sub-area. Owing to small
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differences in how the surfaces were rinsed with buffer solution and DI water, the 
distribution of water contact angles on the two surfaces differ. Furthermore, there is a 
significant variation in the water contact angle across each substrate. Figure 7.6 shows 
values of the mean cell density in a sub-area as a function of the mean contact angle in 
the sub-area. The error bars on the densities represent the standard deviation of the 
measurements fi*om the images in a sub-area corresponding to the particular water 
contact angle. (In the cases in which the mean contact angle for a sub-area was within 1° 
of the value for one or more other sub-area, a mean value for all those sub-areas was 
calculated, and the mean cell density for those sub-areas is reported in Figure 7.7)
There is a clear trend showing that more cells adhere to the areas with a larger 
water contact angle. The maximum mean cell density on the ring-like FN pattem on 
PS(45)-6-PI(46), which is 680±103 mm'^, is found in a sub-area with a high water 
contact angle (65°). The sub-area with the lowest water contact angle (21°) has a mean 
cell density of only 118±29 mm'^.
For the FN surfaces on the PS(65)-Z?-PI(26)) template, data points were likewise 
obtained from two samples. The peak mean cell density on this stripe-like FN substrate 
is 470 ± 65 mm'^ and was found in a sub-area with a high water contact angle, whereas 
the area with a low water contact angle (42 °) has a mean cell density of only 70 ± 13 
mm'^ .
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Figure 7.7 Adhered cell density as a function of the water contact angle on 
nanopattemed FN substrates. Filled square symbols represent cells on a FN+PS(45)-è- 
PI(46) template; and open round symbols are for cells on a FN+PS(65)-Z>-PI(26) 
template. (Analysis provided by Dan Liu).
FN is hydrophilic, and the PS-PI copolymer is hydrophobic (with a water contact 
angle of 110°). The variability in the water contact angles of the pattemed FN surfaces 
might therefore be expected to be explained by variability in the pattems. 
Representative FN pattems on a PS(45)-6-PI(46) template (on Si) are shown in Figure 
7.8. Although the FN on the same PS(45)-6-PI(46) template forms ring-like pattems in 
every sub-area, the ring sizes are variable across the surface. The mean FN ring 
diameters were calculated using commercial software (Nova, NT-MDT). For each of 
the images shown in Figure 7.8, the ring diameters are reported along with the 
corresponding mean contact angle in the caption. In some areas, the ring size 
approximately matches the size of the underlying copolymer template (Figure 7.8 (A)),
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but there are other examples in which the ring sizes are larger than the copolymer 
pattem size (Figures 7.8 (B) and 7.8 (C)). When the FN ring size is much bigger, the 
underlying copolymer dot-like stmcture is clearly apparent in the AFM images (Figure 
7.8 (D)). Larger FN ring pattems correspond to less hydrophilic surfaces (i.e. a higher 
water contact angle).
Figure 7.8 AFM phase images showing different sizes of FN ring stmctures on a 
PS(45)-b-PI(46) template. As the diameter of the FN ring size increases, the water 
contact angle also increases: (A) FN ring diameter of 55 nm and contact angle of 64.9°; 
(B) 86 nm and 68.5°; (C) 125 nm and 73.4°; and (D) 180 nm and 77.3°. All images are 2 
pm X 2 pm in area. (Images provided by Dan Liu).
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Our previous work^^ found that BSA molecules were adsorbed on PS-Zj-PI 
templates and formed very stable ring-like structures. There was no ring size variability 
across the sample surface, and the ring size matched the copolymer template in all areas. 
We speculate that the much bigger size of the FN molecules prevents them from 
adapting to structures with small features.
Figure 7.9 reveals that the water contact angle and the FN ring diameter have a 
positive linear relationship, except for the lowest ring diameter (45 nm). This linear 
trend is reasonable because the larger that the FN ring size is, then the more that the 
copolymer components are exposed to the interface, as is indicated qualitatively in the 
AFM images (Figure 7.8). The hydrophobicity of the copolymer then makes a greater 
contribution.
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Figure 7.9 Water contact angle as a function of FN ring diameter on PS(45)-Z?-PI(46) 
templates. (Analysis provided by Dan Liu).
So far, it is apparent that there is a correlation between the cell adhesion density 
and the water contact angle. In turn, the water contact angle depends on the FN ring
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diameter. Combining these results, it can be concluded that the cell adhesion correlates 
with the FN ring diameter. The data in Figure 7.7 and Figure 7.9 were correlated via 
their water contact angle values and were re-plotted in Figure 7.10 (A) to show how the 
cell density varies with the FN ring diameter. This graph shows that there is a higher cell 
density when there is a ring size greater than about 50 nm. The cell density does not 
vary with FN ring-size above 50 nm. The sub-areas with water contact angles lower than 
45° are all ascribed to complete FN coverage, and the ring size is given a value of 0 nm.
The fractional coverage of FN on each of the surfaces was calculated using 
ImageJ software to analyse the AFM images (see Figure 7.8 for example images). The 
areas on which there was dense FN coverage, and which had a water contact angle lower 
than 45°, were ascribed to 100% FN coverage. Figure 7.10 (B) indicates that there is a 
higher cell density when the FN coverage is less than ca. 85%. Blanket coverage by FN 
correlates with a lower cell density. (Note that in the absence of adsorbed FN (0% 
coverage) preliminary experiments found that cell densities were exceedingly low. The 
surfaces of hydrophobic polymers are normally treated to make them suitable for 
cell cultures.
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Figure 7.10 The relationships of (A) cell density with FN ring diameter, and (B) cell 
density with the area coverage by FN, on a PS(45)-6-PI(46) template. (Analysis 
provided by Dan Liu).
Fabricated nanopattems of biological molecules, such as adhesive peptides, are 
widely used to induce specific cellular responses dependent on cell adhesion. 
Maheshwari et al.^^ functionalized star-shaped polymers with an RGD-containing 
peptide on a background surface to which cells do not adhere, to achieve a controlled 
surface density and local spatial distribution of the peptide. The RGD motif is present in 
fibronectin. When the RGD peptide was presented in clusters of at least five peptides per 
star, but not in the ease of a random single RGD peptide per star, cells developed well- 
formed actin stress fibres and mature focal adhesions. Other researeh^"  ^ indicates that 
higher ligand clusters and higher ligand densities reinforce the cell adhesion. These 
studies lead to the hypothesis that cell spreading might be dependent on a critical density 
of integrin ligands on the substrate producing an integrin cluster that is dense enough to 
recruit focal adhesion and cytoskeleton proteins. Such a local integrin ligand density 
could be critical for the initiation of a mature and stable focal adhesion.
Although the local concentration of FN on the substrates is not known in our 
experiments, the FN solution concentrations are the same for every polymer substrate. 
The FN molecules are randomly distributed on glass and PS surfaces. But on the PS(45)- 
6-PI(46) copolymer template, the FN forms ring-like nanopattems. The spacing induces 
more FN localisation on the pattern of PS blocks, and the FN density on these areas is 
increased. This high local density of adhesive FN-ligands perhaps enhances the integrin 
clustering and the focal adhesion.
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The effect of the shape of the FN patterns (e.g. ring-like, square, or elliptical, 
etc.) has not been investigated in our experiments, but it could potentially be sensed by 
the cells and thus could also contribute to the cell adhesion and spreading. In contrast, 
the stripe-like FN nanopattem with a smaller spacing cannot significantly improve the 
FN density in local areas. The cell adhesion behaviour on the stripe-like patterned 
substrate is similar to the adhesion on homogeneous substrates.
7.4 Conclusions
In this work, FN nanopattems were created by adsorption on copolymer thin film 
templates. The complementary use of AFM and ToF-SIMS showed that the protein 
preferentially adsorbs on PS blocks rather than on PI blocks. This preferential adsorption 
induces FN pattems resembling the underlying block copolymer surface morphology. 
The use of self-assembled PS-6-PI has been found to provide a precise, two-dimensional 
template for the nanopatteming of FN.
The ring-like FN nanopattem on PS(45)-b-PI(46) substrate increases the cells’ 
adhesion compared with the homogeneous FN surfaces and pattems on PS(65)-b-PI(26). 
The density of adhered cells and percentage area of coverage on the ring-like FN surface 
is higher than on the other three substrates. Cell adhesion is high when the FN ring size 
is > 50 nm and when the surface coverage of FN is < ca. 85%. The increasing cell 
adhesion on ring-like nanopattems is attributed to a high local FN density on the ring 
areas. It is proposed that a high FN-ligand density increases the integrin clustering and 
then encourages the formation of stable focal adhesions.
From a practical standpoint, the FN templating method provides a new and easy 
way to increase cell adhesion to surfaces for applications in tissue engineering.
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Compared to techniques of lithography to create FN nanopattems, our method makes 
use of the self-assembly of templates, and hence it is simpler and faster. The process is 
applicable to large areas on a variety of surfaces. In principle, the entire area of cell 
culture dishes could be coated with FN nanopattems self-assembled on polymer 
templates. There is a need to evaluate the efficiency of this method in the future by 
performing cell adhesion and cell morphology studies on “hard-to-culture” cells, 
primary cells or stem cells, which require the substrate to be coated with an ECM 
material, such as fibronectin or collagen."^^
There also remains a need to decrease the variability in the FN pattems on the 
templates in order to achieve the desired pattem size across the entire surface. The use 
of blends of homopolymers and diblock or triblock copolymers opens up the possibility 
of creating templates with a wider range of pattem size and geometries, provided that a 
PI wetting layer is avoided.
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Chapter 8: Summary and Future Work
8.1 Summary
The work presented within this thesis has investigated the use of nanostructured 
materials, in partieular carbon nanotubes (CNTs), as transporters of biological molecules 
for cell delivery, and as cellular growth substrates. The cellular internalization and fate 
of CNTs functionalized non-covalently with synthetie peptides was studied to 
understand how CNTs ean help to deliver molecules to eells. The advantages of utilizing 
carbon nanotubes (CNT) as cellular growth scaffolds were also investigated. Cell-CNT 
interactions both inside a cell and at the interface of a cell and its surroundings were 
explored. In addition, we also ereated surfaces with nano-pattemed protein, on templates 
created via polymer phase separation, and explored this surface’s potential applieation 
as a cell culture substrate.
The first results ehapter, ehapter 4, describes the use of the NTEGRA Spectra® 
micro-Raman scanning microscope and a confocal laser scanning microscope to 
investigate the cellular uptake, and translocation and fate inside eells, of functionalized 
CNTs. The Raman spectroscopy confirmed the uptake of CNTs by observing the 
charaeteristic Raman peaks of intemalized single wall earbon nanotubes (SWNTs). 
CNTs wrapped by fluorescently tagged peptides were studied using confocal 
microscopy. The localization of the CNT-peptide complexes inside the cells were 
followed by staining eellular organelles inside cells and then looking for colocalization 
with the fluorescenee fi*om the peptides. Our methods for exploring the intracellular 
location and quantifying the amount of intemalized SWNTs have proved sueeessful, but 
there are further opportunities for improvement in terms of quantification.
284
The effect of changing the peptide sequenee was also studied by using three 
different peptides: OF, 4F, and 8F. These peptides affected SWNT internalization and we 
found that these peptides increased the amount of intemalized SWNTs in contrast to 
SWNT dispersions made only with complete culture media. Both the 4F and 8F peptides 
increased SWNT intemalization by more than the OF. These findings suggest that 
peptides can disperse SWNTs in suspension and hence increase the amount of SWNTs 
taken up by cells, and so show promise for CNT delivery to cells.
The use of surfaces with topography provided by CNTs, mainly MWNTs, as an 
artifieial extraeellular matrix has proven highly promising. In Chapter 5, cells were 
eultured on aligned, isotropic and pattemed CNT-based cellular growth substrates. 
CNTs have several advantages as for use in substrates for cell growth as they are inert, 
electrieally conduetive, naturally have nanoseale topography and ean easily be pattemed 
on scales of micrometres or above.
The nanoseale topographical features of MWNT substrates signifieantly 
influenee aspeets of cell behaviour such as alignment, morphology and cell-to-eell 
adhesion. Both CHO eells and human hepatoma (Huh?) cells show favourable adhesion 
and spreading on MWNT substrates. The results discovered in this work imply that 
varying surface topography will alter cell morphology, and hence may affect cell 
funetion.
The results presented in chapter 6 follow on from the work presented in Chapter
5. The same MWNT-based substrates were used in both chapters, and in Chapter 6 it 
was shown that the substrates are able to support the growth of liver-derived cell lines, 
as well as the growth of primary liver cells that maintain liver-specific function on the 
substrate. Liver cells are used for early-stage pharmacological and toxieological studies
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of candidate drugs, studies which look for any potential detrimental effects they may 
have on liver function in vivo. Thus, liver cells on artificial scaffolds that mimic the in 
vivo cell microenvironment can potentially accelerate drug development by reducing 
both animal testing and cost, and reducing drug attrition at the late stages of drug 
development when substantial costs have already been spent. For this the substrates need 
to promote a more in vzvo-like funetion of liver eells growing on them.
Huh? cells on CNT-based substrates increased albumin secretion at shorter 
incubation times compared to cells on control substrates. Primary liver cell lines (rat 
hepatocytes) cultured on MWNTs substrate showed several key characteristic of liver 
hepatocyes such as albumin production and Phase I cytochrome P450 (CYP450) enzyme 
activity. The results obtained in this work show that CNT-based substrates ean support 
primary cell lines and influence the behaviour of the primary cells.
Chapter ? presented work using block copolymer templates to generate 
nanopattems of an extraeellular matrix (ECM) protein, fibronectin (FN). Bioengineered 
surfaces were generated by simply coating the nanopattemed block copolymer 
substrates with ECM molecules, and these surfaces were shown to favour cell adhesion. 
It is known that pattems of ECM proteins can regulate cell funetion, and so precise 
control over the spatial arrangements of ECM proteins on surfaces is important for 
application in biotechnologies such as tissue engineering. The impact of varying the size 
and geometry of FN nanopattems on CHO cell adhesion and spreading were studied.
Cells grown on the pattems of adhesive ECM proteins were shown to affect 
properties of the cells such as the distribution of stress fibres. The knowledge gained in 
this ehapter, of culturing cells on engineered ECM protein pattems, may affect the
2 8 6
development and design of better systems for the in vitro study of cell biology as well as 
for applications in areas such as biosensors, protein microarrays, and stem cell biology.
8.2 Future Work
In this section I will make some suggestions for work that could be done in the 
future, either by myself or others, and that would build on the work on this thesis. I will 
consider work that follows on from the work of each chapter.
In my chapter 4 I presented results on the intracellular uptake, localization, 
amounts and the fate of intemalized SWNTs, with peptides. These approaches, e.g., 
colocalization with markers such as FM 4-64, could be applied to more commonly used 
SWNT functionalization schemes reported in the literature. The optimization of 
functionalization scheme parameters can raise the efficiency of delivery and such 
applications can be applied for altering the delivery location of the cargo. Following on 
from this work, I would like to investigate the intemalization, localization, fate, and 
amount of uptake of higher purity SWNTs.
In addition, I also hope to compare the uptake behaviour of smaller diameter 
SWNTs as compared to larger MWNTs, by studying their intemalization, transloeation, 
and possible toxicity. In case of dmg delivery, delivering a dmg to a cell is not enough; 
it must be able to reach its main target in the cell, e.g., the nucleus in the ease of anti- 
caneer dmgs that needs to bind directly to the DNA. As a result, in future work there is a 
need to mpture the endosomes or lysosomes in order release the complexes of SWNTs 
and peptides using either an endosomal or lysosomal dismpting agent such as 
chloroquine or quinacrine.
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The green fluorescent tag on our peptides (Fluorescein isothiocyanate (FITC)) is 
not stable; it is sensitive to both pH and easily photobleaches upon exposure to 
excitation light, and so I plan to functionalize SWNTs with peptides tagged with red, 
stable fluorescent (Tetramethylrhodamine (TAMRA)) dye. TAMRA tagged peptides 
offer advantages over FITC tagged peptides such as allows for long-term live cell 
imaging without worrying about photobleaching. In addition to the studies of complexes 
of CNTs and peptides in CHO cells, their uptake and fate in other cell lines such as liver 
cell lines should be further investigated.
Additional toxicity studies could perform the assay (trypan blue or XTT assay) 
24 hours after the end of incubation period (during this time the eells will be incubated 
in SWNT-free culture medium), not immediately after the incubation period as done 
here. This would be necessary in order to evaluate the long-term effect of nanotube 
exposure on cell viability.
Future uses of CNTs as cellular growth scaffolds, that follow on from the work 
in Chapter 5 and Chapter 6 should not focus only on two-dimensional scaffolds but 
should also seek to design and incorporate CNTs into three-dimensional scaffolds for 
the use in either implantation devices or tissue regeneration for regenerative medicine. 
In the future I would like to culture various cell types ranging from normal and cancer 
cells to primary cells on aligned, isotropic and pattemed 2D MWNT substrates. The 
work would need to measure the rate of cell proliferation and monitor cell function as 
well as potential cytotoxicity. The isotropic CNT films I used also have a good future 
for other application, such as for membrane filtration devices, sensors, and actuators.
CNT-based scaffolds can also be developed by exploiting our ability to greatly 
modify the surfaces of CNTs via functionalization with biomolecules, for example with
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growth factors or adhesion molecules to stimulate the proliferation as well as the 
adhesion of cells. I would aim to funetionalize 2D MWNT substrates with growth 
factors, specifically with epidermal growth factor (EGF) and hepatocyte growth factor 
(HGF) to enhance the function of both immortalized and primary liver cell lines. In 
addition to studies of 2D MWNT substrates, 3D substrates should be studied. The 
interaction between several cell lines with 3D MWNT yams should be investigated 
further. Coating MWNT yams with EGF or HGF may have an effect on the proliferation 
and function of both immortalized Huh? cells and primary hepatocytes.
I also hope to culture several different immortalized liver cell lines on 3D 
MWNT scaffolds in order to test which cell lines best preserve a liver-speeific function 
similar to primary hepatocytes on these substrates. Furthermore, I would like to grow 
primary human hepatocytes on both aligned MWNT sheets and yams both with and 
without coating with growth factors, and compare the results (for liver-speeific 
functions) with those for immortalized human liver cell lines, and for primary rat 
hepatocytes.
In addition to observing the albumin produetion and Phase I (CYP450) activities 
to reveal liver-specific function, as done here, several other liver funetions should be 
probed as well. Examples are molecular markers such as hepatocyte nuelear factor 4 
(HNF-4), gap junction protein connexion 32 (Cx-32), and zonula occludens protein 
l(ZO-l). HNF-4 is important for estimating eell differentiation, Cx-32 shows 
intraeellular junetion, which will be observed only in 3D culture, and ZO-1 stains tight 
junctions which indicate bile canaliculi formation. I would also plan to examine Phase II 
aetivities (uridine diphosphate-glueuronyltransferase (UGT) or glutathione S-transferase 
(GST) activity), transporter function (efflux transporters e.g. multidmg resistance type I
289
P-glycoproteins (P-gp), and intrinsic metabolism (glycogen storage, lipid metabolism 
and urea synthesis) in future work. In contrast to qualitative assay for albumin, future 
work could quantify albumin secretion using enzyme linked immunosorbent assay 
(ELISA).
To extend the work in Chapter 7, where FN nanopattems were created via 
adsorption on eopolymer thin film templates, I wish to eulture primary cells as well as 
cell lines which are known to grow well on ECM-coated surfaces sueh as human 
umbilicord vein endothelial (HUVEC) eells, vaseular smooth muscle cells, 
kératinocytes, primary sensory cells, and primary hepatocytes. Also, as well as staining 
aetin cytoskeleton arrangements of cells on both homogenous and ring like FN 
nanopattems, I would aim to visualize the formation of focal adhesion by staining talin 
and vinculin. Apart from focal adhesions, cell-cell and cell-ECM interaction also need to 
be evaluated by simply, for example, studying the integrins, E-cadherin and junetional 
adhesion molecule A (JAM-A).
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"2D and 3D Cell Patteming on Nanostmctured Substrates Based on Carbon Nanotubes 
and Their Application in Tissue Engineering", Soft Matter group o f  the Department o f  
Physics Postgraduate Seminar, University of Surrey, July 2010
"The Uptake and Intracellular Dynamics of Peptide Functionalized Single-Wall Carbon 
Nanotubes ", ICONT 09 Conference, Langkawi Island, Malaysia, Dec 2009
"Protein Nanopattems on Self Assembled Block Copolymer Templates and Their 
Application as Substrate for Cell Culture", Soft Matter group o f the Department o f  
Physics Postgraduate Seminar, University of Surrey, August 2009
"Carbon Nanotubes Interaction with CHO Cells: Intemalization and Distribution", Soft 
Matter group o f the Department o f Physics Postgraduate Seminar, University of Surrey, 
July 2009
"Carbon Nanotubes Interaction with CHO Cells: Intemalization and Distribution", 
Nanotechnology and Renewable Energy Workshop, Zakopane, Poland, July 2009
Poster Presentation
"The Uptake and Intracellular Dynamics of Peptide Functionalized Single-Wall Carbon 
Nanotubes ", 7^  ^NanoBio Europe Conference, University of Cork, Republic of Ireland, 
June 2011
"Cell Patteming on Nanostmctured Isotropic and Anisotropic Carbon Nanotubes 
Substrates", Post Graduate Research Conference 2010, University of Surrey, UK, 
September 23-24*, 2010
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"Cell Adhesion on Nanopattemed Fibronectin Substrates", Post Graduate Research 
Conference 2010, University of Surrey, UK, September 23-24, 2010
"2-D Cell Patteming and Alignment on Nanostmetured Isotropic and Anisotropic 
Carbon Nanotubes Substrates", Third International NanoBio ConferencOf ETH Zurieh, 
August 24-27, 2010
"Cell Patteming on Nanostmctured Isotropic and Anisotropic Carbon Nanotubes 
Substrates", 5^  ^ SBE International Conference on Bioengineering and Nanotechnology 
(ICBN 2010), Biopolis, Singapore, August 1-4, 2010
"Cell Adhesion on Nanopattemed Fibronectin Substrates", Festival o f Research, Faculty 
o f Health and Medical Sciences, University of Surrey, UK, July 6*, 2010
"Quantified SWNT Intemalization and Accumulation in CHO cells", European 
Materials Research Society (EMRS) Spring Meeting, Strasbourg, France, June 2009
AWARDS
- Best poster presentation NANOCON 2011, Republic of Czech, 2011.
- Recipient, Student travel Award to ICBN 2010 Singapore, 2010 (awarded by the 
eonference organisers on a competitive basis).
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